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CONFIDENTIAL 


ABSTRACT 


Analytical  and  empirical  studies  were  conducted  to  define  and  investigate 
problems  associated  with  restartable  solid  propellant  rocket  nozzles. 

Thermal  analysis  covered  the  complete  temperature  history  from  startup 
through  cooldown  of  the  duty  cycle.  In  addition  to  conventional  convec¬ 
tion,  conduction,  and  radiation,  the  effects  of  the  pyrolysis  gases  of 
charring  ablators  were  included.  The  structural  analysis  included  the 
investigation  of  the  thermo-elastic  behavior  o f  cy  indrical  and  washer 
inserts,  the  existence  of  plastic  zones,  the  effects  of  contact  pressures 
in  stacked  washer  inserts,  and  the  effects  of  property  degradation  of 
tungsten  due  to  grain  growth.  Tl.e  materials  investigation  included  tungsten- 
carbon  reactions,  tungsten  grain  growth  and  the  resulting  effects  on  prop¬ 
erties,  and  the  high  temperature  c-direction  compressive  deformation  of 
pyrolytic  graphite.  Rocket  nozzle  firings  were  used  for  verification  of 
analyses  and  further  problem  definition.  It  was  found  that  the  strength 
of  tungsten  is  degraded  by  50  percent  or  more  with  very  slight  grain 
growth.  Large  permanent  c-direction  compressive  deformations  are  attain¬ 
able  in  pyrolytic  graphite  above  2600°C  with  stresses  of  7000  psi  in  30 
seconds.  Ablation  of  char-forming  insulators  [  ovides  the  principal  mode 
of  cooldown  by  the  pyrolysis  process  and  by  heat  transfer  to  the  result¬ 
ing  gases  as  they  leave  the  nozzle.  Radiation  was  foi nd  to  be  an  order 
of  magnitude  lower  in  significance.  Higher  thermal  leads  result  from 
initial  uniform  ambient  temperature  conditions  than  from  restarting  from 
any  point  during  cooldown.  Thermal  stress  design  charts  have  been  con¬ 
structed  for  the  candidate  throat  materials.  A  very  simple  design  chart 
based  on  brittle  fracture  and  yielding  wh;ch  requires  knowledge  of  only 
the  chamber  pressure  and  throat  diameter  has  been  devised.  Tests  showed 
the  analysis  techniques  developed  to  be  satisfactory.  With  these  analyti¬ 
cal  techniques,  limitations  on  duty  cycles  can  be  determined.  These 
limitations  are  couplings  of  firing  times  and  cooldown  times.  The  results 
of  rocket  firing  tests  are  presented.  The  current  capability  of  analyzing 
restartable  nozzles  is  assessed  and  major  problems  which  require  further 
investigation  are  defined. 
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SECTION  1 


INTRODUCTION 


This  Air  Force  program  was  initiated  to  define  the  problems  associated 
with  nozzles  undergoing  restart  and  cyclical  operations,  to  investigate 
these  problems,  and  to  demonstrate  with  actual  firings  that  such  nozzles 
can  be  successfully  designed  and  tested.  An  approach  which  emphasized 
analytical  studies  was  undertaken  combining  thermal,  structural,  and  cor¬ 
rosion  analyses  supported  by  laboratory  studies  of  materials  and  by  rocket 
motor  tests.  The  scope  of  the  program  was  limited  to  an  initial  effort; 
it  was  realized  that  all  problems  could  not  be  investigated  in  a  single 
12-month  effort.  Definition  of  problems  which  require  further  investiga¬ 
tion  was  also  included  within  the  scope. 

The  underlying  philosophy  to  the  analytical  approach  taken  was  that  a 
better  understanding  of  the  behavior  of  the  nozzle  could  be  achieved. 

The  influences  of  the  many  parameters  involved  could  be  assessed,  and 
judicious  variations  in  these  quantities  could  be  made  in  order  to  design 
nozzles  with  a  higher  probability  of  survival.  This  is  contrasted  with  the 
build-ana-test  approach  from  which  a  success  or  failure  data  point  is  ob¬ 
tained.  If  the.  point  comes  up  failure,  some  basis  for  making  design 
changes  is  necessary.  It  was  the  philosophy  of  this  program  that  analysis 
formed  the  proper  basis. 

The  program  emphasis  was  placed  on  the  restartable  aspects  of  the  subject. 
This  naturally  points  to  the  cyclical  nature  of  the  nozzle  operation.  Some 
problems  are  common  to  both  single  firing  and  restartable  nozzles;  for 
instance  a  restartable  nozzle  will  respond  exactly  the  same  as  a  single 
firing  nozzle,  the  only  difference  being  in  the  number  of  times  the  same 
events  occur.  Thus,  it  immediately  appears  that  there  may  be  some  problems 
wnich  can  be  attacked  independently  of  the  cyclic  phenomenon.  On  the  other 
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hand,  if  some  residual  effects  remain  after  a  firing  or  a  series  of  firings, 
the  prior  history  becomes  important  to  the  investigation.  In  this  case, 
some  problems  unique  to  restartable  nozzles  may  be  defined.  Such  unique 
problems  may  arise  from  changed  initial  conditions.  As  a  result  of  previ¬ 
ous  firings,  some  preload  may  exist  on  the  nozzle  components,  or  the  temp¬ 
erature  distribution  may  be  different  from  a  uniform  ambient  temperature. 
Alteration  of  material  properties  as  a  result  of  prior  firings  presents  a 
material  which  will  respond  differently  in  subsequent  firings. 

It  can  be  appreciated  that,  although  the  investigations  were  conducted,  in 
several  disciplines,  a  great  deal  of  interplay  was  necessary  between  these 
in  order  to  bring  th*.  program  into  a  coherent  and  unified  effort.  The 
operating  conditions  and  nozzle  contour  dictate  the  input  conditions  to 
the  thermal  investigation.  The  thermal  output  becomes  the  input  to  tue 
structural  analysis.  Material  properties  both  influence  and  limit  the 
responses  obtained  from  both  the  thermal  and  structural  disciplines. 
Temperature  limits  established  from  corrosion  considerations  limit  the 
firing  time.  The  cooldown  history  influences  the  loadings  and  the  allow¬ 
able  firing  times  for  subsequent  operation.  Thus,  a  great  many  inter¬ 
disciplinary  influences  exist. 

For  purposes  of  the  analytical  investigations,  the  entrance  and  exit  sec¬ 
tions  were  considered  to  be  cone  frustums.  Moreover,  for  the  structural 
analyses,  the  throat  was  considered  to  be  a  cylindrical  section.  Addi¬ 
tional  limitations  placed  on  the  scope  of  this  study  included  the  operat¬ 
ing  conditions  which  were:  700  psia  chamber  pressure,  6200°F  stagnation 
temperature,  and  a  total  firing  time  of  200  second!  with  up  to  40  restarts. 
Later  in  the  program,  the  40  restart  requirement  was  reduced  by  the  Air 
Force  to  approximately  20  since  this  reflected  a  more  realistic  requirement. 
The  final  demonstration  test  consisted  of  18  restarts.  CYI-75,  an  alumi¬ 
nized  propellant,  was  chosen  for  simulation  in  the  nozzle  firing  tests. 

A  limited  number  of  materials  was  selected  for  investigation  within  this 
program.  Since  many  of  the  problems  in  a  nozzle  are  associated  with 
particular  materials  and  since  different  materials  require  different 
analytical  considerations,  it  was  necessary  to  couple  the  materials  with 
the  analyses  in  order  to  maintain  the  program  perspective.  The  m«terials 
investigated  were  reinforced  plastics,  tungsten,  pyrolytic  graphite,  and 
polycrystalline  graphite.  These  materials  have  been  the  most  widely 
used  in  nozzles  and  are  deemed  at  present  to  be  the  most  important  for 
this  application.  The  reinforced  plastics  were  limited  to  use  as  backup 
insulators  and  as  flame  surface  material  in  the  conical  portions  of  the 
nozzle.  Tungsten  was  limited  to  use  as  a  throat  insert  material. 
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ATJ  graphite)  was  chosen  as  a  representative  polycrystalline  graphite  even 
though  there  are  more  erosion  resistant  grades  available.  ATJ  lends  it¬ 
self  nicely  to  analysis  since,  relatively  speaking,  most  of  its  properties 
are  known.  Thus,  it  is  used  to  represent  a  class  of  materials.  Fcr 
tungsten,  two  types  were  studied;  arc  cast  and  Allied  Chemical  Corpora¬ 
tion's  gas  pressure  bonded  microspheres.  These  are  considered  to  be  repre¬ 
sentative  grades  of  this  material.  Pyrolytic  graphite  in  several  forms 
was  investigated:  the  shell  of  revolution  (c-direction  normal  to  the 
surface)  and  the  edge  grain  washer  configuration  utilizing  as-deposited, 
annealed,  and  heat  treated  material.  The  scope  of  the  study  was  thus 
limited  to  those  problems  which  may  be  encountered  in  using  these  classes 
of  materials. 


Some  of  the  problems  investigated  in  this  program  were:  tungsten  grain 
growth  and  the  effects  on  nozzle  performance;  alumina  deposition  and  its 
influence  on  thermal  behavior;  plastic  deformation  of  pyrolytic  graphite 
and  the  effects  of  nozzle  shape  and  performance;  char  layer  growth  of 
ablating  plastics  and  the  effects  of  pyrolysis  and  convection  of  the 
pyrolysis  gases  ou  the  heat  transfer  analysis;  the  relative  effects  of 
radiation,  conduction,  and  pyrolysis  on  nozzle  cooling;  the  effect  of 
lonjy  heat  soak  times  on  nozzle  materials;  the  thermoelastic  response  of 
nozzle  components;  the  plastic  behavior  of  throat  inserts;  and  the  relative 
performances  of  nozzle  materials  when  fired  under  identical  conditions.  The 
end  product  of  these  investigations  will  be  a  compilation  of  analytical 
techniques  from  which  operational  duty  cycles  can  be  defined.  Combinations 
of  firing  times  and  cooldown  times  for  other  given  operating  conditions 
define  a  duty  cycle. 


This  report  summarizes  the  work  accomplished  during  the  program.  Reference 
is  made  to  much  of  the  effort  contained  in  the  Quarterly  Technical 
Reports*-l»l"^’^,3.  A  complete  description  of  the  three  rocket  test  series 
and  a  comparison  of  the  analytical  and  experimental  results  are  given. 
Problem  areas  which  were  felt  to  be  important  initially  in  the  program  were 
investigated.  Some  of  these  were  not  as  serious  as  originally  contemplated. 
Also,  new  problems  were  uncovered.  These  are  discussed  in  the  summary  and 
conclusion  sections  of  this  report. 
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SECTION  2 


THERMAL  AND  CORROSION  ANALYSIS 


This  section  describes  the  analytical  treatment  of  the  thermal  problem 
encountered  in  nozzles  for  restarfable  solid  rocket  motors.  A  description 
of  the  analytical  techniques  used  is  given,  with  some  of  the  details  con¬ 
tained  in  appendices.  A  comparison  of  the  results  of  these  analyses  or 
predicted  performance  with  tnose  results  obtained  during  the  test  phases  of 
this  program  are  given  in  e  separated  section  (Section  8)  for  continuity. 

2.1  CONVECTION  HEAT  TRANSFER 

2.1.1  INTRODUCTION 

Although  the  large  number  of  turbulent  boundary  layer  heat  transfer  theories 
employed  in  the  past  have  indicated  a  high  level  of  Interest  among 
researchers,  no  particular  theory  has  given  a  suitable  correlation  to  high 
temperature  (Te>3000°F)  rocket  nozzle  heat  transfer  data.  In  the  develop¬ 
ment  of  nozzle  systems  for  use  with  advanced  solid  propellants,  failure  is 
often  traced  to  inadequate  thermal  design,  especially  In  the  inlet  section 
jus t  upstream  of  the  throat.  Although  such  failures  are  structural,  it  can 
be  inferred  that  an  accurate  knowledge  cf  the  thermal  loading  in  the  region 
of  failure  is  a  prerequisite  to  the  performance  of  structural  analysis  or 
redesign.  Clearly,  cyclic  operation  of  the  nozzle  will  have  a  tendency  to 
magnify  any  inaccuracies  which  are  introduced  by  the  thermal  analysis.  It 
is  currently  believed  that  convective  heat  transfer  theory  may  be  deficient 
in  its  treatment  of  (1)  pressure  gradient  influence,  (2)  thermochemistry 
effects,  (3)  inviscid  flow  field  characterization,  (4)  skin  friction,  (5)  the 
local  similarity  assumption?  (6)  Reynolds’  heat  transfer  analogy,  and  (7)  sur¬ 
face  roughness  effects.  It  is  also  recognized  that  the  adequacy  of  existing 
theory  is  limited  by  the  incomplete  understanding  of  turbulence,  combustion, 
and  two  phase  flow  phenomena  in  rockets. 


Early  in  this  program  It  was  concluded  that  the  boundary  layer  theory  of 
Elliott,  Bartz,  and  Silver 2**  could  be  extended  ;o  improve  the  treatment 
of  effects  (1)  through  (4).  Effects  (5),  (6),  pnd  (7)  are  of  such  a  nature 
that  an  entire  reprogramming  of  the  analysis  would  be  necessary;  such  an 
expenditure  of  time  and  effort  was  not  considered  warranted  at  the  time. 

It  should  be  noted  that  in-house  analytical  work  has  been  undertaken  in 
recent  months  to  investigate  these  topics,  and  in  addition,  the  effects  of 
injectant  gas  mass  transport  is  also  under  3ome  scrutiny.  The  primary 
objective  of  implementing  effects  (1)  through  (4)  !■>  to  improve  the  agree¬ 
ment  of  theory  with  available  experimental  data.  When  necessary,  the  cal¬ 
culation  technique  cf  Reference  2.1  was  used  in  its  unrevised  form. 

2.1.2  THERMOCHEMICAL  EQUILIBRIUM  PROGRAM 

Because  of  the  very  high  flow  temperatures  it  was  deemed  that  inclusion  of 
effect  (2)  would  be  the  most  Important;  consequently,  much  of  the  effort 
was  directed  towards  the  combination  of  a  suitable  equilibrium  thermo¬ 
chemistry  program  with  a  properly  modified  adaption  of  the  Reference  2.1 
analysis.  In  order  to  discuss  t* is  combination  it  is  necessary  to  discuss 
the  Aeronutror.ic  equilibrium  program. 

Determination  of  the  various  equilibrium  propellant  state  properties  as  a 
function  of  two  assigned  conditions  is  accomplished  by  application  of  the 
minimum  free  energy  (2  »  h-p/p-  TS)  technique  originally  derived  by  White, 
et  al.  (Reference  2.2),  and  extended  to  multiphase  flow  by  Oliver,  ei  al. 
(Reference  2.3).  Calculation  of  the  equilibrium  composition  requires  the 
finding  of  a  non-negative  set  of  mole  fractions  which  will  minimize  the 
total  free  energy  of  the  system  while  satisfying  the  mass  balance  requirement. 

There  are  two  ways  of  applying  this  program  in  the  calculation  of  thermo¬ 
dynamic  properties  for  use  in  the  heat  transfer  analysis.  First,  an  unbumed 
propellant  composition  is  assigned,  and  the  resulting  state  properties, 
mole  fractions,  mixture  molecular  weight,  etc.,  are  computed  at  a  number  of 
selected  temperatures  and  pressures,  figures  2-1  and  2-2  illustrate  the 
static  enthalpy  and  gas  constant,  respectively,  as  a  function  of  temperature 
and  pressure  for  the  CYI-75  propellant.  The  boundary  layer  theory,  described 
in  Paragraph  2.1.3  and  in  Appendix  A,  requires  as  input  data,  the  specification 
of  wall  temperature,  enthalpy  (h) ,  and  gas  constant  (R/Wta) .  It  is  assumed 
that  chemical  equilibrium  is  maintained  at  the  wall  surface,  and  in  the 
definition  of  a  suitable  density  versus  enthalpy  expression,  throughout  the 
entire  boundary  layer  thickness.  With  the  arbitrary  selection  of  the  wall 
temperature,  the  local  wall  pressure  (and  thus  Hy  and  R/Wmy) ,  may  be  hand 
calculated  by  a  simple  one -dimensional  perfect  gas  analysis  based  on  the 
chaafcer  specific  heat  ratio  (as  calculated  by  the  equilibrium  program  at 
the  chamber  state  point).  This  method  of  calculating  the  pressure  dependence 
on  the  nozzle  contour  is  accurate  enough  because  enthalpy  and  gas  constant 
are  nearly  Insensitive  to  changes  in  pressure  over  a  wide  range  of  tempera¬ 
tures  (Figures  2-1  and  2-2).  The  accuracy  of  this  method  in  determining  the 
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local  wall  values  of  h  and  R/Wm  is  somewhat  reduced  In  the  low  and  high 
temperature  ranges;  however,  it  is  still  assumed  to  be  suitable  over  these 
ranges . 


Figure  2*3  illustrates  a  plotting  of  equilibrium  density  versus  enthalpy 
over  a  range  of  conditions  between  the  wall  values  (Tw  ■  2000°R)  and  the 
inviscid  stream.  Various  authors,  in  particular  Fay  aid  Riddel 1,2 have 
assumed  analytic  density  -  enthalpy  fits;  it  is  assumed  in  these  calcula¬ 
tions  that  a  linear  correlation  between  the  wall  and  Inviscid  stream  is 
suitable,  so  that 


(2.1) 


the  linear  correlations  are  also  shown  in  Figure  2-3.  It  is  seen  that  the 
linear  approximation  is  quite  accurate,  at  least  for  the  propellant  in 
question.  The  f^/p  and  (h-h^ /(hg-h^  values  were  computed  at  five  different 
temperatures  for  a  single  pressure,  the  boundary  layer  edge  temperature 
(subscript  e)  having  been  determined  by  travelling  along  an  isentrope  from 
the  assumed  chamber  condition.  It  should  be  mentioned  that  recent  correla¬ 
tions  have  been  performed  with  Be  propellant  formulations,  with  these 
equilibrium  compositions  also  exhibiting  a  near-linear  density-enthalpy 
dependence.  This  method  thus  shows  some  generality. 


The  second  application  of  the  equilibrium  program  involves  the  evaluation  of 
the  inviscid  stream  state  properties  along  an  isentrope  starting  at  the 
assumed  chamber  conditions.  This  procedure  solves  for  the  local  flow  con¬ 
ditions  along  an  individual  streamline;  the  relating  of  this  streamline  to 
the  actual  flow  geometry  in  the  nozzle  is  achieved  by  specifying  additional 
fluid  dynamic  conservation  relations  (Appendix  A).  A  series  of  pressures  are 
chosen  at  which  the  state  properties  are  evaluated;  use  of  these  properties 
In  the  conservation  relations  is  made  by  linear  interpolation  between  the 
adjacent  state  points. 


2.1.3  DETERMINATION  OF  THE  HEAT  TRANSFER  COEFFICIENT 


Discussed  in  Appendix  A  are  the  features  of  the  gasdynamic  boundary  layer 
analysis  developed  during  this  contract.  In  this  paragraph  is  presented 
a  calculated  gas  side  heat  transfer  coefficient  distribution  along  the  sur¬ 
face  of  the  1.25-inch  throat  diameter  nozzle.  The  input  conditions  are  the 
wall  temperature,  enthalpy,  and  gas  constant  distributions,  the  chamber 
conditions  with  the  resulting  equilibrium  table  evaluated  over  a  range  cf 
pressures  down  to  the  exit  condition,  an  assumed  initial  momentum  thickness 
at  the  start  of  boundary  layer  growth  (a  small  but  non-zero  factor),  and 
various  constant  parameters,  such  as  the  Prantdl  number,  viscosity  power, 
etc.  Except  for  the  addition  cf  enthalpy  and  gas  constant  versus  axial 
Ifi55th  d Is tr ibutiens ,  choice  o f  one-*  or  1  stress 
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solutions,  the  imut  format  is  virtually  identical  to  the  one  given  in 
Reference  2.1.  Figure  2-4  shows  the  calculated  gas  side  heat  transfer 
coefficient  along  with  the  original  nozzle  contour  (before  erosion  and/or 
deposition  had  occurred),  and  the  assumed  wall  temperature,  which  is  approxi¬ 
mately  the  hi;h  steady-state  value.  The  one- dimensional  t~\ *«cid  stream  choice 
PAD  *  m  was  made  for  the  solution  illustrated  here.  The  maximum  heat 
transfer  coefficient  is  calculated  to  be  at  the  throat  because  of  the  one- 
dimensional  inviscid  stream  assuoqttlon;  in  actuality,  the  maximum  point  is 
at  the  intersection  of  the  sonic  line  with  che  wall  boundary  layer,  slightly 
upstream  of  the  throat.  Because  of  budget  limitation  the  two-dimensional 
inviscid  stream  solution  was  not  employed  In  any  calculations,  aJ  hough  it 
was  programmed  and  is  available  for  use.  Details  are  ' ven  in  Par ^  2  of 
Appendix  A. 

The  calculated  gas  side  heat  transfer  coefficients  (with  a  maxi-tum  value  of 
0.00818  Btu/in.’sec°R) ,  is  generally  not  the  value  experimentally  measured 
by  nozzle  wall  thermocouples;  the  presence  cf  ablation  and/or  deposition 
gives  a  measured  value  that  is  significantly  Icn-**-  than  that  predicted  by 
the  boundary  layer  analysis.  TV-  *.ffects  of  Je~  ?ition  and  comp3risc  a  of 
the  analytically  predicted  he*t  ..rensfer  coefficl  nt,  both  as  calculated 
and  as  modified  by  the  influence  of  deposition,  are  given  in  Section  8  of 
this  report.  As  can  be  seen,  the  comparison  of  this  theory  and  actual 
resv.ts  obtained  during  test  are  remarkably  good  Also  shown  are  comparisons 
with  previously  used  techniques  for  predictin'  r  cket  nozzle  heat  transfer. 

2.2  CONDUCT  ION -ABU  Tl«i 

he  dete -ruination  of  the  thermal  response  of  the  structural  and  insulation 
components  of  a  rockat  motor  subjected  to  any  stop-start  duty  cycle,  requires 
the  use  of  a  conduction  analysis  which  is  capable  of  handling  time  dependent 
convective  •’nd  radiative  boundary  conditions  ^ad  thermal  and  chemical  dugrada- 
ti  a  of  materials.  The  time  dependent  convective  and  radia.ive  boundary  con¬ 
ditions  must  also  be  incorporated  in  the  conduction  analysis  in  such  a 
caanner  that  boundary  layer  mass  injection  and  deposition  an  be  included  in 
the  thermal  analysis.  The  influence  of  ablation  In  an  un  ooled  nozzle  thermal 
response  during  soak  or  ooldown  periods  requires  coupling  of  the  conduction 
and  ibiatie-  modes  of  heat  transfer.  The  ablation  analysis  must  be  applied 
to  the  con cue t ion  analysis  in  uch  a  manner  that  ablation  of  the  surface 
material  as  well  as  tht  heat  sink  backup  insulation  material  can  be  predicted. 

The  conduction  analysis  employed  in  this  program  was  a  modified  version  of  an 
existing  tran  lent,  three -dimensional  conduction  program.  The  program  was 
modified  to  handle  the  thermal  a  J  chemical  degradation  of  materials  at  vny 
location  in  a  rocket  motor.  This  program  is  able  to  handle  time,  tempera¬ 
ture  or  position  dependent  thermephysical  material  properties,  and  botmdary 
conditions.  A  detailed  description  of  his  program  is  given  in  Appendix  C. 
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Since  the  basic  pr'ogram  requirements  of  the  thermal  analysis  were  to 
(1)  generate  data  that  will  enable  intelligent  selections  of  guidelines  for 
restart  duty  cycles,  (2)  define  thermal  and  structural  response  capabilities 
of  nozzle  configurations,  and  (3)  determine  limitations  upon  restart;  the 
conduct ion -ablation  program  was  employed  in  this  program  using  two  different 
techniques.  The  first  technique  consisted  of  dividing  the  nozzle  into  three 
sections  (i.e.,  entrance,  throat  insert,  and  exit  cone).  The  conduction- 
ablation  program  was  applied  to  each  section  of  the  rocket  motor  during  the 
firing  and  equilibration  periods  (equilibration  period  is  defined  r.s  that 
time  l -twe?n  nozzle  shut  down  and  the  time  to  reach  90  percent  of  a  radial 
isothermal  condition  in  the  heat  sink  materials)  This  technique  resulted 
in  the  determination  of  the  amount  of  heat  absorbed  by  the  nozzle  materials 
during  firing  and  the  time  to  reach  radial  isothermal  conditions  in  the 
heat  sink  materials.  To  apply  the  results  of  this  technique  to  restartable 
motors  requires  the  assumption  that  these  motor  sections  are  thermally 
independent  of  one  another  during  firing  and  equilibration  periods.  Use  of 
this  assumption  during  the  soak  back  period  is,  however,  invalid,  as  axial 
conduction  and  radiation  interchange  between  these  sections  becomes  signi¬ 
ficant.  Therefore,  in  determining  the  thermal  response  of  the  rocket  motor 
during  soak  period,  a  second  technique  was  used  in  applying  the  conduction- 
ablation  program.  This  technique  consisted  of  analyzing  the  three  nozzle 
sections  to  determine  the  change  in  heat  content  of  the  heat  sink  and 
the  thermal  response  characteristics  of  the  insulators  during  soak 
back . 

The  application  of  the  conduction-ablation  program,  with  the  various  inputs 
from  the  convection  and  radiation  analysis,  to  selected  stop-start  nozzle 
configurations  is  presented  in  Paragraph  2.4. 

2 . -  RADIATION 

A  portion  of  the  effort  expended  in  this  program  has  been  devoted  to  the 
development  of  practical  analytical  tools  which  can  be  used  to  evaluate  the 
radiant  energy  exchange  mechanisms  in  restartable  solid  motors.  It  is 
apparanc  that  (1)  surface  to  surface,  (2)  surface  to  fluid  phases,  and 
(3)  surface  to  ambient  environment  radiation  exchanges  can  occur.  The 
determination  of  the  importance  of  these  types  of  radiative  transfer  to  the 
thermal  behavior  of  the  structural  and  insulation  components  of  a  restartable 
nozzle  requires  dividing  ti.i  analytical  radiation  model  into  two  parts.  Each 
part  is  applied  to  the  rocket  motor  at  the  appropriate  period  of  motor  opera¬ 
tion;  that  is,  during  firing  and  soak  periods. 

During  firing  the  chamber  and  nozzle  surfaces  exchange  radiative  energy  with 
the  combustion  products.  For  combustion  products  that  are  characteristic 
of  aluminized  propellants,  the  cloud  transmissitives  in  the  chamber  and 
nozzle  regions  are  such  that  the  radiative  energy  transferred  from  surface 
to  surface  is  unimportant.  During  firing,  radiative  transport  is  then 
dependent  on  the  emission  characteristics  of  the  combustion  products  and, 
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of  course,  chamber  and  nozzle  surface  emlsslvities .  However,  the  analytical 
detemination  of  the  emissive  characteristics  of  the  aluminized  cloud  is 
complicated  by  the  scattering  experienced  by  dispersed  alumina  particles. 

In  addition,  the  effect  of  alumina  deposition  and  chemical  reactions  at  the 
chamber  and  nozzle  surfaces  complicate  the  specification  of  surface  emissivity. 

For  this  program,  the  emissivity  of  the  surface  of  exposed  materials  were 
regarded  as  a  function  of  the  material  only.,  The  effects  of  deposition, 
chemical  reactions,  and  surface  temperature  were  omitted  because  of  the 
inaccuracies  in  predicting  alumina  cloud  emission  and  the  complications  in 
analyzing  the  mechanisms  of  deposition  (surface  coverage  by  alumina  must  be 
defined  as  a  function  of  position  and  time).  The  emissive  properties  of  the 
combustion  products  were  obtained  from  experimental  data  acquired  from 
aluminized  solid  propellant  motor  firings.  These  data  were  obtained  from 
Reference  B.5  .  The  data  of  Reference  B.5  were  extrapolated  to  the  rocket 
motors  of  this  program  using  a  modification  of  the  technique  developed  in 
Reference  L.6  .  A  detailed  technical  discussion  of  the  technique  used  in 
this  program  is  presented  in  Appendix  B. 

During  soak  periods,  radiative  transfer  will  exist  between  the  various 
rocket  motor  inner  surfaces,  the  inner  surfaces  and  the  ambient  environment 
(via  the  exit  cone),  and  the  inner  surfaces  and  the  free  stream.  To  deter¬ 
mine  the  importance  of  inner  surface -free  stream  radiative  transfer,  the 
quantities  of  absorbing  species  in  the  free  stream  were  calculated  using 

(1)  experimentally  obtained  cool  down  chamber  pressures  and  free  stream 
stagnation  temperatures,  and  (2)  thermochemical  calculations  performed  on 
the  insulating  materials  pyrolysis  products.  A  simplified  optically  thin 
radiation  analysis  was  then  applied  to  various  rocket  motor  contours  using 
the  calculated  quantities  of  absorbing  species.  The  resulting  surface-free 
stream  radiative  transfer  was  compared  to  surface-surface  and  surface-ambient 
environment  radiative  transport  and  the  energy  dissipated  by  ablation.  The 
former  was  found  to  be  insigni ficar.c  compared  to  these  other  modes. 

The  radiative  transport  between  surface-surface  and  surface-ambient  environ¬ 
ment  was  determined  using  a  modified  form  of  the  analysis  presented  in 
Reference  B.2  .  This  modified  analysis  predicts  the  effective  view  factors 
(gray  wall  view  factors)  from  (1)  one  motor  surface  element  to  another  and 

(2)  the  surface  elements  to  the  ambient  environment.  A  detailed  discussion 
of  the  soak  back  analyses  is  presented  in  Appendix  B. 

2.4  APPLICATION  OF  THERMAL  ANALYSIS 

2.4.1  INTRODUCTION 

During  this  program,  the  heat  transfer  analyses  described  m  Paragraphs  2.1, 
2.2,  and  2.3  were  applied  to  a  number  of  different  nozzle  designs  in  an  effort 
to  (1)  define  problem  areas  and/or  limitations  of  the  heat  transfer  analysis, 
(2)  generate  data  that  enables  intelligent  selection  of  restart  duty  cycles 
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for  specific  designs,  (3)  generate  data  that  enables  intelligent  selection 
of  nozzle  designs  for  a  given  duty  cycle,  and  (4)  integrate  the  thermal 
effort  with  the  test  effort.  The  results  obtained  in  these  areas  are 
presented  and  discussed  in  this  paragraph  by  dividing  the  thermal  history 
of  a  rescartable  rocket  motor  nozzle  into  two  periods:  firing  and  soak. 

The  heat  transfer  mechanisms  considered  in  the  thermal  analysis  for 
these  periods  are  summarized  in  Table  2.1.  The  effect  and  importance 
of  each  heat  transfer  mechanism  in  the  thermal  response  was  determined  by 
comparing  the  analytical  predictions  with  the  results  acquired  in  the  test 
effort.  Also,  by  comparing  the  analytical  results  with  the  test  results, 
the  limitations  of  the  heat  transfer  analysis  were  determined. 

From  a  thermal  standpoint  there  are  two  criteria  with  which  to  design  an 
uncooled  restartable  rocket  motor  nozzle.  The  first  requires  that  neither 
the  entrance  section  nor  throat  insert  surface  temperature  reach  a  level 
at  t hich  excessive  surface  regression  will  be  experienced.  Therefore,  it 
is  required  that  the  nozzle  entrance  and  throat  exhibit  good  heat  sink 
properties.  By  fulfilling  this  criterion,  undue  loss  in  motor  performance 
from  thermal  response  constraints  is  eliminated.  The  second  criterion  for 
restart  purposes  requires  that  a  minimum  amount  of  energy  be  absorbed  by 
the  heat  sink  materials.  Minimizing  the  energy  absorbed  by  the  heat  sink 
implies  that  the  amount  of  ablative  material  consumed  in  dissipating  this 
energy  is  also  minimized.  (This  criterion  is  based  on  the  fact  that  for 
the  configurations  studied  in  this  program,  heat  dissipated  by  ablation  is 
far  greater  than  by  radiation).  These  design  criteria  imply  opposing 
constraints  on  the  thermal  limitations,  thus  resulting  in  an  optimization 
of  the  heat  sink  material  and  thickness.  However,  in  this  program  the 
limitation  on  surface  regression  imposed  by  the  first  criterion  was  con¬ 
sidered  of  primary  importance  and  used  as  the  only  constraint  in  the  thermal 
design. 

Since  there  are  a  large  number  of  contours  and  material  combinations  that 
are  feasible  for  uncooled  nozzle  designs,  the  thermal  effort  considered  only 
those  combinations  that  exhibited  desirable  traits  in  the  motor  firings  of 
this  program.  The  materials  and  nozzle  configurations  used  in  the  thermal 
analysis  are  listed  in  Table  2.2.  As  Table  2.2  indicates,  the  major  effort 
of  the  thermal  analysis  was  focused  on  the  throat  insert  section  of  the 
nozzle.  This  was  attributed  to  the  imposed  limitations  of  throat  regression 
and  the  fact  that  the  net  wall  heat  flux  is  substantially  larger  in  this 
area  than  in  the  entrance  and  exit  sections.  The  thermal  analysis  divided 
the  rocket  motor  into  three  sections  (entrance,  throat,  and  exit)  for  deter¬ 
mining  the  thermal  limitations  during  firing  and  equilibration  periods. 

This  technique  is  valid  only  if  these  sections  are  thermally  independent. 
During  firing,  axial  conduction  and  film  cooling  will  make  these  sections 
thermally  dependent.  However,  the  radial  conduction  is  considerably  greater 
than  axial  conduction  and  the  effect  of  film  cooling  is  negligible  when 
compared  to  deposition,  thereby  verifying  this  approach  during  firing. 
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TABLE  2.1 


HEAT  TRANSFER  MECHANISMS 
INCLUDED  IN  THE  THERMAL  ANALYSIS 


Rocket  Motor 
Period 

Heat  Transfer 
Mechanism 

Rocket  Motor  Location 
Where  Applied 

Firing 

Convection 

Combustion  products  and 
gas  side  surfaces 

Radiation 

Combustion  products  and 
gas  side  surface 

Internal  ablation 

Reinforced  plastics 

Surface  regression 
due  to  chemical  attack 

Assumed  maximum  design 
surface  temperature 

Two-dimensional 

conduction 

Entrance,  throat  insert, 
and  exit 

Soak  (cool  down) 

Convection 

Pyrolysis  products  in 
motor  free  stream  and 
gas  side  surfaces 

Radiation 

Pyrolysis  products  in 
rocket  motor  free  stream 
and  gas  side  surface, 
interchange  between  gas 
side  surfaces,  gas  side 
surfaces  and  ambient 
environment 

Interna1  ation 

Reinforced  plastics 

Two -dime;  aal 

conduct! 

Entrance,  throat  insert, 
and  exit 
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TABLE  2.2 

MATERIALS  AND  NOZZLE  CONFIGURATIONS 
STUDIED  IN  THERMAL  ANALYSIS 


Throat 

Ola-tar 


n.m  lnml 


Sat 


L 

>' 

t  r 

L 


i 


flaw  front 

Backup 
lam  la  tot 

Heat  link 

Backup 

iau/Ufti 

n at  front 

Backup 

loauldtor 

PC  -  3.5  In.  CD 

ATJ  Backup  - 

3.72  In.  00 

ATJ  Parfactly 
lnaulatad 

PC  -  2.21  in.  0D 

ATJ  Backup  > 

2.93  in.  00 

ATJ  Parfactly 
lnaulatad 

PC  *  1.40  m.  ud 

ATJ  Backup  - 
2.12  In.  00 

ATJ  Parfactly 
lnaulatad 

PC  •  1.0  «n.  OD 

PC  Parfactly 
lnaulatad 

VI 

in. 

Annas  lad  PC  - 

1.0  in.  00 

AT J  Backup  - 
3.72  tn.  00 

ATJ  Parfactly 
lnaulatad 

rungattn  - 

0.100  in.  tMek 

ATJ  Backup  • 

3.00  in  00 

ATJ  Parfactly 
tnaulatad 

Tun|i'  an  - 

0. 110  (n.  Mek 

ATJ  Backup  - 
3.00  In.  00 

ATJ  Parfactly 
lnaulatad 

PC  •  *.00  In.  on 

ATJ  Backup  - 
4.30  In.  00 
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During  the  equilibration  period  (period  during  soak  that  the  radial  iso* 
thermal  condition  is  approached),  radiative  and  axial  conductive  energy 
transport  between  these  sections  will  exist.  However,  for  the  nozzles 
studied,  it  has  been  found  that  the  magnitude  of  radiative  and  conductive 
interchange  during  this  period  is  considerably  leas  than  the  cool-down  com¬ 
ponent  of  ablation. 

2.4.2  FIRING  PERIOD 

To  determine  the  thermal  and  structural  limitations  of  restartable  nosxles, 
it  is  required  that  the  thermal  analysis  predicts  (1)  the  radial  and  axial 
temperature  distributions  in  the  heat  sink  material  during  firing,  (2)  the 
internal  ablation  rates  of  the  reinforced  plastic  materials,  and  (3)  the 
surface  regression  rates  of  the  gas  side  surface  materials.  To  eliminate 
the  analytical  complications  and  questionable  assumptions  involved  in 
predicting  surface  regression  (see  Paragraph  2.5  and  Appendix  C),  the 
determination  of  surface  regression  was  relaxed  by  imposing  a  maximum  mate¬ 
rial  design  temperature.  This  temperature  represents  the  thermal  level 
above  which  excessive  surface  regression  may  be  expected  to  occur.  This 
temperature  restriction  was  applied  as  a  thermal  limitation  to  the  throat 
region.  The  no  surface  regression  boundary  condition  was  applied  to  the 
entrance  section  of  the  nozzle;  however, the  maximum  design  temperature  was 
not  considered  as  a  thermal  limitation.  This  approach  in  applying  the 
thermal  analysis  to  th .  entrance  section  is  reasonable  since  this  section 
may  experience  a  certain  amount  of  surface  regression  and  not  result  in  a 
significant  change  in  motor  performance.  The  temperature  distribution  and 
heat  absorbed  by  the  heat  sink  materials  of  Table  2.2  were  determined  for 
the  firing  period  using  the  convection,  radiation,  and  conduction-ablation 
analyses  developed  in  this  program.  Early  in  the  program  the  convective 
boundary  conditions  were  calculated  from  the  Bartz  heat  transfer  correla¬ 
tions  mentioned  in  Paragraph  2.1.3.  This  boundary  condition  was  applied  to 
the  conduction-ablation  analysis  assuming  no  alumina  deposition.  The  effect 
of  alumina  deposition  on  heat  transfer  is  discussed  in  Paragraph  2.4.3  and 
Section  8.  » 

The  following  paragraphs  present  phenomena,  problem  areas  and  results  that 
were  analytically  Investigated  or  obtained  for  the  firing  period. 

a.  Alumina  Deposition.  From  the  test  results  of  this  program  a 
primarily  physical  model  of  the  alumina  deposition  phenomena  has  been 
formulated.  This  model  considers  that  Initially,  deposition  occurs  at 
specific  locations  on  the  nozzle  gas  side  surface  as  a  direct  result  of 
particle  impingement.  The  initial  location  and  rate  of  particle  impinge¬ 
ment  has  been  found  to  depend  on  the  motor  contour,  propellant  geometry, 
particle  size,  and  chamber  conditions.  Of  the  total  particles  that  impinge 
on  the  surface,  part  will  re-enter  the  gas  stream  and  part  will  remain  on 
the  surface.  The  quantity  that  remains  on  the  surface  is  thought  to  depend 
on  the  porosity,  surface  roughness  and  temperature  of  the  surface  material 
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(mechanical  attachment);  the  particle  velocity,  size  and  angle  with  respect 
to  surface  (momentum  effects) ;  and  the  type  of  chemical  reactions  occurring 
between  aliraina  and  the  surface  material  (chemical  attachment,  see 
Section  4  ) .  Mechanical  attachment  is  formed  by  the  solidification  of  the 
liquid  alumina  on  cold  graphite.  This  type  of  bond  is  weak  and  might  be  easily 
released  by  thermal  stresses  and  gas  shear  loading.  Chemical  attachment  on 
carbou  is  formed  by  the  following  reaction: 

2Al20,(s)  +  9C(s)  -  A14C3(s)  +  6C0(g) 

The  AI4C3  layer  is  stable  with  respect  to  both  carbon  and  AI2O3,  forming  a 
strong  chemical  bond.  (This  reaction  is  highly  dependent  on  pressure  and 
temperature.)  Further  results  of  alumina  layers  on  graphite  were  obtained 
during  the  laboratory  studies  and  are  reported  in  Section  4  of  this  report. 

The  formation  of  a  dep  'it  at  specific  locations  on  the  surface  will  cause 
an  irregularity  in  the  motor  contour;  thereby  causing  the  particle  impinge¬ 
ment  rate  to  possibly  increase.  The  deposit  will  be  heated  by  the  free 
stream  (via  convection  and  radiation)  and  cooled  by  the  motor  surface  mate¬ 
rial  (via  conduction).  As  the  deposit  thickness  increases,  the  deposit's 
gas  surface  will  approach  the  melting  point.  The  time  the  deposit  surface 
reaches  the  melting  point  depends  upon  the  deposit  thickness,  heating  rate, 
and  thermal  conductivity  of  the  motor  surface  material.  Once  this  occurs, 
the  free  stream  wall  shear  will  cause  the  liquid  portion  of  the  deposit 
to  flow  downstream.  (Also,  the  free  stream  particles  impinging  on  the 
liquid  deposit  will  not  be  able  to  re-enter  the  free  stream  as  readily  as 
when  impingement  occurs  on  a  solid  surface,  thus  increasing  the  deposition 
rate.)  The  manner  in  which  the  deposit  flows  downstream  will  depend  on 
the  chemical  reactions  and  wetting  that  occurs  between  alumina  and  the  sur¬ 
face  material.  If  the  deposit  wets  the  wall,  which  occurs  when  AI4C3  is 
present,  the  radial  velocity  profile  in  the  liquid  will  be  nearly  linear 
and  the  liquid  flow  will  resemble  Couette  flow.  As  the  alumina  flows  down¬ 
stream,  the  portion  of  the  deposit  coming  in  contact  with  ar.  exposed  portion 
of  the  surface  material  will  generally  solidify  (depending  upon  the  surface 
temperature  before  deposition  and  the  thermal  conductivity  of  the  material). 

As  the  layer  builds  up,  the  gas  side  surface  of  the  deposit  will  re-melt 
and  proceed  to  flow  downstream.  Therefore,  when  the  local  surface  material's 
temperature  is  above  the  melting  point  of  alumina  and  particle  impingement 
is  not  present,  the  alumina  mass  entering  and  leaving  a  location  are  equal. 

As  the  firing  proceeds,  the  locations  that  initially  caused  the  occurrence 
of  deposition  will  increase  in  temperature  (locations  of  particle  impinge¬ 
ment)  therefore  causing  the  deposition  thickness  at  this  location  to 
decrease.  The  decrease  in  alumina  thickness  will,  in  turn,  cause  the 
deposition  or  particle  impingement  rate  to  decrease  (reduction  in  discon¬ 
tinuity  of  contour).  Therefore,  the  alumina  mass  flow  may  be  expected  to 
logarithmically  approach  a  constant  value.  Also,  at  the  time  when  the 
aft  closure,  entrance,  and  throat  surfac  temperature  are  above  the  melting 
point  of  alumina,  the  variation  of  the  deposit  thickness  in  the^e  sections 
will  depend  on  area  ratio  change  (thickness  change  due  to  circumferential 
change  in  contour),  free  stream  velocity,  wall  shear,  and  local  impingement. 
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When  the  deposition  mass  flow  is  approaching  a  constant  value  in  the  aft 
closure,  entrance,  and  throat  sections,  the  behavior  of  the  deposit  in  the 
exit  cone  will  not  necessarily  be  similar.  The  wall  heat  flux  in  the  exit 
cone  is  considerably  less  than  in  the  other  sections,  thereby  requiring  a 
longer  time  to  reach  the  AI2O3  melting  point.  With  a  deposit  in  the  exit 
cone  flow  separation  and  shock  waves  are  likely  to  be  experienced.  Also, 
due  to  low  pressures,  the  formation  of  AI4C3  may  not  occur.  Therefore, 
due  to  the  complicated  flow  field  alteration  and  pressure -temperature 
dependence  of  AI4C3  formation  in  the  exit  cone,  the  deposit  behavior  in 
this  section  may  be  expected  to  be  very  complicated.  The  transient  behavior 
of  the  plume  observed  in  aluminized  propellant  firings  is  indicative  of  the 
complicated  deposition  behavior  experienced  in  the  exit  cone;  i.e.,  plume 
separation  and  the  transient  behavior  of  sparks  in  the  periphery  of  the 
plume. 

As  the  gas  side  surface  in  the  entrance  rises  above  the  melting  point  of 
AI2O3,  the  mechanisms  causing  the  attachment  of  impinging  particles  will 
change.  The  mechanical  attachment  mechanism  undergoes  a  severe  change 
since  AI2O3  will  no  longer  solidify  at  the  wall.  Also,  the  importance  of 
the  chemical  attachment,  via  the  formation  of  Al4C3(s),  is  decreased  since 
Al/^ts)  becomes  unstable  with  respect  to  Al(g)  and  CO(g).  For  a  total 
pressure  of  1000  psia,  the  formation  of  AI4C3  will  occur  below  approximately 
5500°F;  above  this  temperature  the  AI4C3  is  unstable.  This  temperature  is 
strongly  dependent  on  pressure  (lower  pressure  corresponds  with  lower 
temperature).  Therefore,  if  the  surface  temperature  exceeds  the  pressure 
dependent  critical  temperature,  the  importance  of  the  chemical  attachment 
mechanism  decreases.  With  this,  the  wettability  of  AI2O3  on  the  surface  is 
decreased  and  the  AI2O3  that  does  deposit  on  the  surface  (amount  signifi¬ 
cantly  decreased)  will  not  wet  the  surface.  The  alumina  deposit  at  this 
temperature  level  may  be  expected  to  be  of  the  bead  or  droplet  type. 

The  above  discussion  was  applicable  to  polycrystalline  graphite  entrance 
and  aft  closure  section.  When  a  gas  side  surface  ablator  is  employed  in 
these  sections,  the  deposition  will  be  altered  by  surface  chemical  reac¬ 
tions,  pyrolysis  gas  mass  flow,  and  surface  regression.  There  are  three 
basic  types  of  ablators  that  are  usually  employed;  high  temperature- 
hard  char  (carbon  or  graphite  cloth  phenolics),  low  temperature-hard  char 
(asbestos  or  silica  phenolics)  and  low  temperature-soft  char  (elastomer ic 
materials).  When  the  high  or  low  temperature -hard  char  are  employed,  the 
large  pyrolysis  mass  flow  experienced  early  in  the  firing  will  delay  the 
formation  of  a  deposit  on  the  ablator  surface.  As  the  pyrolysis  mass  flow 
decreases,  the  deposition  rate  will  increase  causing  a  buildup  of  alumina. 
The  deposition  rate  will  depend  on  the  pyrolysis  mass  flow,  surface  chemi¬ 
cal  reactions,  and  mechanical  attachment  mechanisms.  For  carbon  or  graphite 
phenolics,  the  formation  of  AI4C3  will  be  the  primary  surface  chemical 
reaction  and  provide  means  by  which  alumina  will  wet  the  surface.  For  the 
asbestos  or  silica  phenolics,  a  phase  change  and/or  chemical  reaction  will 
occur  in  the  reinforcement  material  causing  a  viscous  liquid  to  be  formed. 
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This  viscous  liquid  will  promote  deposition.  After  deposition  is  initiated 
the  pyrolysis  mass  flow  will  cause  the  deposit  to  build  up  in  beads  and 
flow  along  the  surface  in  droplet  type  flow.  Due  to  the  low  thermal  con¬ 
ductivities  of  ablators,  the  surface  temperature  will  increase  at  a  high 
rate  as  compared  to  the  polycrystalline  graphites.  This  will  cause  AI4C3 
to  become  unstable  in  a  relatively  short  tine,  thereby  causing  a  decrease 
in  the  deposition  rate.  From  this  it  can  be  deduced  that  when  carbon  or 
graphite  cloth  phenolics  are  employed  in  regions  of  the  nozzle  experiencing 
impingement,  the  deposition  rate  at  these  locations  will  be  very  low.  How¬ 
ever,  for  asbestos  or  silica  phenolics,  an  increase  in  surface  temperature 
will  cause  an  increase  in  the  amount  of  viscous  liquid  formed  (produced  by 
phase  changes  and/or  chemical  reactions  involving  reinforcement)  thereby 
causing  an  increase  in  deposition.  As  noted  above  the  alumina  will  flow 
downstream  on  the  ablator  in  a  bead  or  droplet  type  flow. 

When  tungsten  is  used  as  the  gas  side  surface  material,  the  alumina 
behavior  will  depend  primarily  on  the  tungsten  heat  sink  thickness,  tungsten 
backup  material,  and  upstream  deposition  phenomena.  It  has  been  found 
from  laboratory  Investigations  (Section  4)  that  alumina  will  wet  tungsten, 
therefore,  the  deposition  behavior  on  tungscen  will  depend  on  the  transient 
tungsten  surface  temperature  and  upstream  deposit  behavior. 

A  schematic  of  the  above  physical  model  is  presented  in  Figure  2-5  for 
a  typical  rocket  motor  configuration.  Important  alterations  that  may  occur 
in  the  deposition  behavior  of  Figure  2-5  are  listed  below: 

(1)  In  step  (3)  the  buildup  of  a  deposit  on  the 
upstream  P.G.  surface  will  cause  a  severe 
decrease  in  local  area  ratio  causing  the  local 
wall  shear  to  increase.  A  level  of  wall  shear 
may  be  reached  that  exceeds  the  shear  force  of 
the  deposit-wall  attraction.  If  this  occurs, 
the  deposit  will  be  extruded  through  the  exit 
cone  causing  a  considerable  amount  of  large 
alumina  particles  in  the  periphery  of  the  plume. 

After  the  deposit  is  removed  from  the  P.G., 
step  (2)  will  follow;  however,  the  P.G.  surface 
temperature  will  be  at  a  higher  level  than  exper¬ 
ienced  when  step  (2)  was  encountered  the  first 
time.  The  above  phenomena  may  also  be  expected 
to  occur  in  step  (4). 

(2)  In  step  (3)  the  alumina  deposited  on  the  P.G. 
washers  will  cause  the  local  heat  flux  and  wall 
gas  shear  to  increase.  Depending  upon  the  up¬ 
stream  mass  flow  to  this  section,  a  level  of  heat 
flux  and  wall  shear  may  be  reached  that  will 
cause  a  large  increase  in  the  liquification  rate 
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FIGURE  2-5.  SCHEMATIC  OF  DEPOSITION  PHENOMENON 
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of  solid  alumina.  If  the  amount  of  liquid 
formed  at  this  time  exceeds  the  amount  sup¬ 
plied  via  upstream  impingement,  a  large 
increase  in  liquid  mass  fltv  will  be  exper¬ 
ienced.  When  this  large  r-aas  flow  comes  In 
contact  with  the  exit  cone  surface,  where  the 
formation  of  AI4C3  has  not  occurred  to  any 
great  extent,  the  deposit  -ill  not  signifi¬ 
cantly  wet  the  surface.  Since  the  momentum  of 
the  liquid  is  fairly  high  aad  the  d ep-slt  is 
in  the  form  of  droplets  (nojwetting)  l.: 
posit  will  be  forced  out  through  tV  ex.t  cone 
This  is  shown  in  step  (it). 

During  any  of  the  five  seeps  in  Figure  2-5 
chemical  and/or  mechanics1  surface  regres¬ 
sion  may  be  experienced.  That  is,  particle 
impingement,  spallation,  cracking,  erosion 
or  chemical  attack  that  results  from  high 
heating  rates,  surface  shear,  and  nen- 
uniiorm  coverage  of  the  wall  with  deposit 
may  cause  surface  regression.  Since  the 
surface  regression  rate  is  not  necessarily 
uniform  in  the  axial  or  circumferential 
direction, the  contour  may  be  expected  to 
become  irregular.  Irregularity  in  contour 
may  promote  more  sites  for  impingement 
causing  the  deposition  rate  to  Increase. 

In  restartable  nozzles,  the  firing  time 
may  be  such  that  at  shutdown,  either 
steps  (2).  (3),  (4),  cr  (5)  are  appli¬ 
cable,  As  the  nozzle  cools  thermal  stresses 
will  be  encountered  in  the  solid  deposits 
cessing  possible  cracking  of  the  attached 
alumina.  Also,  AI4C3  hydrolyr' s  at  low 
temperatures  thereby  reducing  the  chemi- 
ca  bond  between  alumina  and  the  carbon 
wall.  The  presence  of  pyrolysis  gas  in 
the  free  stream  during  soak  will  indite 
a  gas  shear  on  the  deposit  in  the  entrance 
and  throat  region.  From  these  phenomena 
a  portion  of  the  deposit  present  at  shut¬ 
down  SMty  be  removed  from  the  r.oszle;  the 
location  and  amount  of  deposition  remain¬ 
ing  depending  on  (1)  the  thickness  of 
deposit  at  "hutdown,  (2)  the  physical  state 
of  the  deposit  at  shutdown,  (3)  the  gas  shear 
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during  soak,  and  <4)  temperature  history  during 
soak.  If  *  deposit  is  present  on  the  subsequent 
startup,  step  (1)  will  be  altered.  The  initial 
depcsit  should  cause  deposition  to  proceed  at  a 
rate  greater  than  the  first  filing.  The  iritial 
deposit  is  heated  and  contir ues  to  flow  down¬ 
stream,  step  (2). 

Co&'parisons  of  the  above  physical  model  with  the  motor  tests  of  this  contract 
are  presented  In  Section  8. 

As  can  be  seen  from  the  above,  to  develop  an  analytical  model  for  the  depo¬ 
sition  phenomena  will  require  (1)  the  prediction  of  the  transient  deposi¬ 
tion  or  impingement  rates  experienced  in  the  motor;  (2)  the  specification 
of  such  property  data  as  liquid  alumina  thermal  conductivity,  density, 
specific  heat  and  viscosity;  and  (3)  investigation  of  the  mechanisms 
affecting  alumina  wetting  and  attachment  of  the  gas  side  surface  mater¬ 
ials.  At  the  presenc  time  the  above  parameters  have  not  been  determined. 
Therefore,  to  determine  the  effect  of  alumina  deposition  or  the  rocket 
motor's  behavior,  a  semiempirical  technique  was  employed  in  this  program. 

From  the  test  “ffort  of  this  contract  the  transient  deposit  thickness  at 
the  nozzle  throat  was  determined  using  the  analysis  presente  1  in  Paragraph  8.7. 
The  alumina  deposition  thickness  specified  by  the  test  data  was  applied  to 
the  conduction  program  using  a  moving  wall  boundary.  The  variable  alumina 
thickness  was  divided  into  incremental  volumes  so  That  the  liquid  and  solid 
layers  were  separated  and  the  free  stream  convective  and  radiative  boundary 
conditions  applied  to  the  alumina  surface.  The  convective  heat  transfer 
coefficients  were  made  a  function  of  wail  temperature  and  throat  diameter 
and  the  radiation  boundary  condition  was  eliminated  due  to  the  low  alumina 
surface  emissivity.  The  results  of  this  analysis  are  presented  in  Figure  2-6 
with  experimentally  obtained  barkwall  temperature  used  as  a  comparison. 

The  time  at  which  the  amount  of  alumina  entering  and  removed  from  throat 
location  are  equal  is  19  seconds  as  predicted  by  the  thermal  analysis  (alumina 
layer  totally  liquified).  Referring  to  Figure  8-'.  1 ,  Test  No.  10,  th's  condi¬ 
tion  was  reached  at  20  seconds.  This  correlation  1  sufficient  to  verify 
the  method  used  in  the  thermal  analysis.  However,  the  predicted  ATJ-PG 
interface  temperature  does  not  compare  with  the  test  data.  The  deviation 
in  the  latter  portion  of  the  firing  may  be  attriouted  to  the  convective 
neat  transfer  coefficient  used  in  the  analysis.  As  discussed  in  Section  8 
the  aetjal  gas  side  heat  transfer  coefficient  is  expected  to  be  gtcate* 
than  the  value  predicted  by  the  modified  Bart:  correlations.  Therefore, 
use  of  the  Barts  heat  transfer  coefficient  as  the  gas  side  he it  transfer 
coefficient,  when  the  alumina  deposit  is  considered,  vill  cause  the  amount 
of  heat  abosrbed  during  firing  to  be  less  than  the  actual  amount  .  The 
difference  in  the  ATJ-PG  interface  temperature  (predicted  and  measured) 
in  the  first,  five  seconds  is  caused  by  the  start  transient  that  was  exper¬ 
ienced  during  firing.  That  is,  the  thermal  analysis  assumed  s  step  change 
in  chamber  pressure  at  startup;  whereas,  the  actual  pressure  was  transient 
and  required  approximately  3.3  seconds  to  reach  a  sceady  value. 


FIGURE  2-6. 


FIRING  TIME  (SECONDS) 

TEMPERATURE  VERSUS  TIME  WITH  AND  WITHOUT 
AI?0<i  DEPOSITION  FOR  ROCKET  MOTOR  TEST  10. 


Also  shown  in  Figure  2-6  are  the  analytical  results  for  the  case  with  no 
alumina  deposition.  The  difference  in  surface  temperature  with  and  without 
alumina  deposition  is  pronounced  during  the  times  at  which  alumina  is  on 
the  wall.  With  the  removal  of  alumina  the  surface  temperature  then  approaches 
the  no  alumina  case.  The  reason  for  the  decrease  in  surface  temperature  after 
alumina  deposition  is  initiated  is  due  to  the  reduction  in  heat  input  to  the 
wall  by  the  alumina.  That  is,  the  heat  conducted  away  from  the  surface  to 
the  internal  material  is  greater  than  the  heat  input  from  the  alumina 
layer  and  will  result  in  a  lowering  of  the  surface  temperature. 

The  effect  of  alumina  deposition  on  the  transient  temperature  response  of 
rocket  motor  heat  sink  material  is  significant  as  shown  in  Figure  2-6. 
Therefore,  in  performing  thermal  calculations  without  including  the  effect 
of  deposition,  the  predicted  heat  sink  temperature  levels  will  be  conserva¬ 
tive  during  the  time  the  deposit  is  present  (the  conservatism  will  of  course 
depend  on  the  deposit  thickness).  Since  an  a,ialytical  solution  of  the 
deposition  phenomena  does  not  exist  ar.  alternate  approach  was  undertaken  in 
this  program.  It  was  found,  for  all  practical  purposes,  that  the  heat 
absorbed  in  the  motor  firings  of  thi3  program  (in  which  deposition  did 
occur)  compared  reasonably  well  to  the  analytical  prediction  (the  analysis 
of  which  did  not  include  deposition)  if  the  modified  Bartz  correlation 
was  employed  in  predicting  the  convective  boundary  condition.  This  con¬ 
clusion  is  evident  in  Figure  8-31  of  Section  8. 

b.  Internal  Ablation.  The  ablation  experienced  in  the  heat  sink  back¬ 
up  materials  (reinforced  plastics)  furing  the  firing  period  has  been  analyze'1 
and  found  to  be  unimportant  during  this  period.  Figure  8-31  presents  a 
correlation  between  experimentally  obtained  temperatures  and  two  analytical 
predictions,  one  considering  backup  material  ablation  and  the  other  con¬ 
sidering  only  heat  conduction  to  the  backup  material  (no  ablation).  Although 
this  type  of  correlation  is  approximate,  i.et,  dependent  on  the  deposition 
phenomena,  it  does  indicate  the  relative  importance  of  ablation.  The  pre¬ 
dicted  backwall  temperature  (considering  ablation)  is  approximately  100°F 
less  than  the  measured  value  at  the  time  of  shutdown  as  Figure  8-31  indi¬ 
cates.  After  shutdown,  the  measured  backwall  temperature  undergoes  a 
large  decrease  In  temperature  instead  of  a  rise  as  predicted  in  both  ana¬ 
lytical  predictions.  This  indicates  that  during  firing,  the  heat  absorbed 
by  ablation  was  negligible  in  the  backup  material.  Due  to  the  high  chamber 
pressure  and  slope  of  the  pressure  curve  (increasing  with  time)  the  pyrolysis 
gas  leaving  the  char  layer  was  very  small  (gas  stored  in  char).  At  shutdown, 
the  large  decrease  in  chamber  pressure  caused  the  pyrolysis  gas  flow  to  in¬ 
crease,  thereby  cooling  the  ablator  char  and  the  heat  sink  backwall.  After 
the  pyrolysis  gas  stored  in  the  char  during  firing  was  depleted,  the  backwall 
temperature  rises  due  to  heat  sink  equilibration.  This  backwall  tempera¬ 
ture  behavior  was  evident  on  all  pyrolytic  graphite  inserts  that  under¬ 
went  a  long  continuous  firing  (backwall  temperature  reaching  a  level  at 
which  ablation  is  initiated). 
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c.  Temperature  Profiles.  As  was  mentioned  in  Paragraph  2.4.2a,  the 
presence  of  alumina  deposition  will  strongly  affect  the  temperature  pro- 
files  of  a  rocket  nozzle  during  firing.  Therefore,  to  fulfill  the  objectives 
of  this  contract,  the  thermal  analysis  which  does  not  consider  deposition, 
was  applied  to  the  nozzle  configurations  of  Table  2.2  to  predict  such 
thermal  characteristics  as  the  heat  absorbed  during  firing  and  the  firing 
time  required  to  reach  the  maximum  design  temperature  (these  character* 
istics  are  presented  in  Paragraph  2.4.4).  The  heat  sink  temperature  dis¬ 
tributions  obtained  from  these  calculations  are  conservative  regarding 
temperature  level  and  radial  temperature  gradient  during  the  time  an  appreci¬ 
able  amount  of  deposit  exists.  During  the  time  before  deposition  is  initi¬ 
ated  and  the  time  after  the  deposit  is  removed,  the  surface  temperature 
level  may  be  considered  accurate  as  is  evident  in  Figure  2-6  . 

Figures  2-7  and  2-8  are  examples  of  the  throat  surface  temperature 
histories  that  were  determined  in  this  program.  Empirical  equations  of 
the  temperature  response  during  the  firing  and  equilibration  periods  were 
determined  for  the  inserts  of  Figures  2-7  and  2-8  and  are  presented  in 
Table  2.3.  In  comparing  the  various  insert  materials  of  Figures  2-7  and 
2-8  ,  the  effect  of  insert  thermal  conductivity  on  the  time  required  to 
reach  the  maximum  design  temperature  (5000°F  for  P.G.  and  550(jF  for 
tungsten)  is  evident.  The  tungsten  shell-ATJ  graphite  insert  is  inhibited 
by  the  low  thermal  conductivity  of  ATJ;  whereas  annealing  pyrolytic  graph¬ 
ite  is  shown  to  be  beneficial.  Also,  the  equilibration  time  is  shorter 
for  the  annealed  P.G.  insert  than  the  as-deposited  P.G.  or  tungsten 
inserts. 

2.4.3  SOAK  PERIOD 

One  of  the  parameters  that  determine  the  ability  or  capability  of  a  rocket 
motor  to  refire  is  amount  of  heat  that  has  been  dissipated  during  the  cool¬ 
down  period.  To  determine  the  heat  dissipated  in  the  critical  regions  of 
a  nozzle;  i.e.,  entrance,  throat,  and  exit;  requires  definition  of  the 
important  modes  of  heat  transfer  that  prevail  during  this  period.  The  heat 
transfer  modes  studied  and  defined  in  this  contract  have  been  presented  in 
Table  2.1  and  are  discussed  below, 

a.  Convective  Heat  Transfer.  During  soak  back,  the  rocket  motor's 
free  stream  is  composed  primarily  of  the  pyrolysis  products  that  result 
from  material  thermal  and  chemical  degradation.  The  heat  exchanged  between 
the  free  stream  pyrolysis  products  and  the  motor  flamefront  surfaces  will 
depend  on  the  pyrolysis  mass  flow,  free  stream  temperature,  and  motor 
surface  temperature.  However,  since  the  pyrolysis  gas  is  being  injected 
along  the  total  axial  distance  cf  the  motor  (for  the  motors  studies  in 
this  program  the  heat  sink  materials  employed  in  the  entrance,  throat, 
and  exit  sections  were  insulated  with  asbestos  phenolic)  the  pyrolysis  mass 
flow  and  free  stream  temperature  will  vary  with  axial  position.  Therefore, 
depending  on  (1)  the  axial  temperature  gradient  of  the  flamefront  surface, 
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FIGURE  2-7.  MATERIALS  COMPARISON  PLOT  OF  SURFACE  TEMPERATURE 
TIME  PROFILE  AT  THROAT 


TABLE  2.3 


EMPIRICAL  EQUATIONS  OF  THROAT 
THERMAL  RESPONSE  DURING  FIRING  AND  EQUILIBRATION 
PERIODS  (NOZZLE  CONFIGURATIONS  OF  FIGURES 
2-7  AND  2-8  ) 


Nozzle 

Period 

Empirical  Equation 

As-De posited 

Firing 

T  (6.54t1/3-1.368t1/2-3.43t1/2)103  +  70 

Pyrolytic  Graphite 

(r/r  "  0*505 

Equilibration 

T  -  (5.0  +  2.52t1/2-12.2t1/3 

(r*rQ  only) 

+  9.22t1/4)103 

Annea led 

Firing 

T  -  (-1.77t1/2+8.76t1/3-5.6t1/4U03  +  70 

Pyrolytic  Graphite 

(r/ro)6&t  “  °‘505 

Equilibration 

T  ®  (5.0+  2.58t1/2-12.6t1/3+9.34t1/4)103 

(r'ro  °~1Y) 

Tungsten  Shell 

Firing 

Backed  with  ATJ 

(r*r  only) 

Graphite 

o 

0.15  inch 

T  =  (-1.75t1/2+4.38tly3+0o66t1/4)103  +  70 

shell 

0.38  inch 

T  =  (-1.87t1/2+6.36t1/3-1.758t1/4)103  +  70 

shell 

Equilibration 

' 

(r-r  only) 

o 

0.15  inch 

T  *  (5.5+1.20t1/2-7.12t1/3+5.44t1/4)103 

shell 

0.38  inch 

T  -  (5.5-K).747t1/2-5.08t1/3+5.71t1/4)103 

shell 
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(2)  the  local  pyroiysis  gas  Injection  rate,  and  (3)  the  degree  of  thermal 
equilibrium  between  the  local  pyrolysis  gas  and  corresponding  surface;  a 
flamefront  surface  may  be  heated  or  cooled  by  the  pyrolysis  gas  free  stream. 

In  this  program  the  amount  of  heat  transferred  between  the  pyrolysis  gas 
and  a  nozzle  throat  was  determined  in  development  nozzle  firing  number  D-l. 
The  throat  insert  employed  in  this  firing  consisted  of  annealed  P.G. 
washers  backed  with  ATJ.  Two  thermocouples  were  placed  on  the  backside  of 
the  throat  washer  and  a  radiation  shielded  thermocouple  was  inserted  in  the 
free  stream  at  the  throat  axial  position  68  seconds  after  shutdown.  The 
resulting  gas  stagnation  temperature  and  P.G.  backwall  temperature  are 
shown  in  Figure  2-9  .  By  comparing  the  two  temperatures  at  times  greater 
than  the  equilibration  time  the  temperature  difference  between  the  P.G. 
surface  and  pyrolysis  gas  can  be  determined  (i.e.,  backwall  P.G.  tempera¬ 
ture  mP.G.  surface  temperature  at  soakback  times  greater  than  the  time  to 
reach  washer  equilibration).  From  Figure  2-9  it  can  be  seen  that  the  P.G. 
insert  will  be  heated  by  the  pyrolysis  free  stream.  At  160  seconds  after 
shutdown,  the  convective  heat  flux  incident  on  the  throat  washer  (0.5  inch 
wide)  was  calculated  using  the  measured  temperature  difference  (340°F), 
the  chamber  pressure  at  160  seconds  (20  psia),  and  a  convective  pipe  flow 
analysis  (see  Reference  B.3)  to  be  0.03  Btu/second.  Using  the  P.G.  back- 
wall  thermocouple  response  at  160  seconds,  the  net  heat  dissipated  from 
the  throat  washer  is  calculated  to  be  0.24  Btu/second  (q  =  pcv  dT/dt; 
where  pv  is  mass  of  throat  washer,  c  is  P.G.  specific  heat,  and  dT/dt  is 
temperature  slope).  The  heat  added  by  pyrolysis  gas  convection  is  there¬ 
fore  an  order  of  magnitude  less  than  the  net  heat  dissipated  by  the  other 
heat  transfer  mechanisms  present  during  soakback.  For  comparison,  the 
predicted  surface  and  backwall  temperature  of  the  throat  washer  is  shown 
in  Figure  2-9.  The  difference  in  the  predicted  and  the  measured  tempera¬ 
ture  may  be  attributed  to  the  conservative  convective  heat  transfer  coef¬ 
ficient  used  in  the  thermal  analysis. 

Since  the  pyrolysis  gas  in  the  free  stream  at  the  throat  location  is  pro¬ 
duced  by  ablation  in  the  chamber  liner,  aft  closure,  and  nozzle  entrance, 
the  soakback  convective  heat  flux  to  or  from  the  surfaces  at  these  loca¬ 
tions  will  be  considerably  less  than  at  the  throat.  That  is,  as  the 
pyrolysis  gas  leaves  the  gas  side  surface  and  enters  the  free  stream  after 
a  high  degree  of  thermal  equilibrium  has  been  obtained  between  the  gas 
and  surface,  the  temperature  difference  between  the  pyrolysis  gas  free 
stream  and  gas  side  surface  at  a  specific  location  will  depend  largely  on 
the  upstream  surface  temperatures. 

\s  is  evident  from  the  above  discussion,  the  magnitude  of  soakback  con¬ 
vective  heat  *l"x  will  depend  largely  on  the  materials  employed  in  the 
rocket  motor  as  gas  side  surfaces  and  backup  insulators  and  their  respective 
thickness.  For  the  rocket  motor  described  above  (annealed  P.G.  throat), 
the  chamber  liner  and  entrance  section  consisted  of  ATJ  graphite  backed 
with  asbestos  phenolic.  During  the  equilibration  period,  the  P.G.  washer 
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TEMPERATURE 


FIGURE  2-9.  FREE  STREAM  STAGNATION  TEMPERATURE  DURING  SOAK  PERIOD 
AFTER  20  SEC  FTRINu 
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throat  insert  equilibrates  to  a  lower  temperature  than  will  the  ATJ  entrance 
and  chamber  heat  sink.  Therefore,  the  greatest  temperature  difference 
between  the  pyrolysis  gas  free  stream  and  the  gas  side  surface  will  occur 
at  the  throat  insert.  However,  if  a  thin  tungsten  shell  backed  with  ATJ 
graphite  is  employed  for  the  insert  in  the  above  motor,  the  equilibration 
temperature  response  of  the  insert  (Figure  2-7}  will  cause  a  significant 
decrease  in  soakback  convection.  Employing  a  gas  side  ablator  in  the  chamber 
and  entrance  section  would  reduce  both  the  pyrolysis  gas  tempera '-!re  and 
mass  flow  during  the  equilibration  period  (i.e.,  heat  dissipated  by  abla¬ 
tion  during  equilibration  would  consist  primarily  cf  heat  stored  in  char 
rather  than  the  heat  stored  in  the  graphite  heat  sink  material*. 

b.  Radiative  Heat  Transfer.  During  soakback,  radiative  energy 
exchange  will  occur  between  the  surfaces  of  the  rocket  components  (inside 
surface  radiation),  between  these  surfaces  and  the  ambient  environment,  and 
between  these  surfaces  and  the  pyrolysis  products.  The  amount  of  heat 
exchange  between  the  rocket  motor  inside  surfaces  and  the  pyrolysis  products 
will  depend  on  the  amount  of  carbon  precipitation  experienced  as  the  gases 
flow  along  the  nozzle  contour.  The  mechanism  and  parameters  involved  in 
this  mode  of  radiative  heat  transfer  is  discussed  in  Appendix  B.  In 
Appendix  B  it  is  found  that  the  amount  of  heat  involved  in  this  mode  of 
radiation  is  negligible  compared  with  the  other  heat  transfer  mechanisms. 

The  radiative  exchanges  between  the  inner  surfaces  of  the  rocket  motors 
and  between  these  surfaces  and  the  ambient  were  found  to  depend  on  the  gas 
side  material  and  the  exit  area  ratio.  The  importance  of  these  modes  of 
radiative  heat  transfer  were  determined  by  applying  the  radiation  analyses 
of  Appendix  B  to  the  2.5-inch  and  1,25-inch  throat  diameter  -  P.G.  insert 
nozzles  of  Table  2.2.  Figures  2-10  and  2-11  are  comparison  plots  of  the 
thermal  response  for  the  2.5-inch  diameter  motor  geometries  considered. 

The  effect  of  radiation  on  exit  cone  cooling  can  be  seen  by  comparing  the 
conduction  only  and  radiation  plus  conduction  curves  (Figure  2-10).  Con¬ 
duction  will  radially  equilibrate  the  exit  cone  heat  sink  to  an  isothermal 
condition  and  permit  some  axial  energy  interchange.  Radiation  interchange 
will  increase  tne  axial  energy  transfer  and  permit  axial  thermal  equili¬ 
bration  at  an  increased  rate.  Utilizing  carbon  cloth  phenolic  instead  of 
ATJ  at  £  )9  will  result  in  a  decrease  in  surface  temperature  during  cool¬ 
ing.  This  decrease  is  attributed  to  the  fact  that  only  a  small  amount  of 
energy  is  absorbed  by  carbon  cloth  phenolic  during  firing  (i.e.,  carbon 
cloth  phenolic  will  have  a  high  surface  temperature  due  to  its  low  ther¬ 
mal  conductivity,  causing  less  input  energy).  The  effect  of  exit  area 
ratio  on  radiatio’.  cooling  is  shown  in  Figure  2-11.  The  effective  shape 
factor  between  surface  and  space  is  increased  with  small  exit  area  ratios 
thus  increasing  radiative  cooling.  This  Ligure  also  gives  an  irdicaiion 
of  the  difference  ir  radiation  cooling  at  sea  level  (£ex{t  <  9)  and  space 
conditions  (£expt  40) , 
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FIGURE  2-10.  NOZZLE  SURFACE  TEMPERATURE  DISTRIBUTION  AFTER  SHUTDOWN 
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FIGURE  2- U.  NOZZLE  SURFACE  TEMPERATURE  DISTRIBUTION  WITH  RADIATION  AND 
CONDUCTION  COOL  DOWN  AT  396  SECONDS  AFTER  SHUTDOWN 


The  heat  dissipated  or  added  by  radiation  to  the  throat  insert  for  the  nozzles 
of  Figures  2-10  and  2-11  are  shown  in  Figure  2-12.  For  an  exit  area  ratio 
of  9,  the  radiation  interchange  between  the  throat  and  adjacent  exit  and 
entrance  section  surfaces  and  the  energy  lost  from  the  throat  insert  to 
space  via  the  exit  cone  cancel  at  early  times  after  firing  to  produce  no 
change  in  insert  heat  content.  As  the  exit  and  entrance  section  cool,  the 
throat  insert  will  experience  some  radiation  cooling.  As  the  time  after 
firing  increases,  the  temperature  level  of  the  insert  will  decrease,  thereby 
decreasing  radiation  cooldown.  An  exit  area  ratio  of  40  will  substantially 
alter  throat  insert  radi  tion  cooling,  as  indicated  in  Figure  2-12.  This 
is  attributed  to  the  decrease  in  effective  shape  factor  between  the  insert 
surface  and  sp;:  .  After  firing,  the  pyrolytic  graphite  insert  will  equili¬ 
brate  to  a  lower  temperature  level  than  the  adjacent  exit  and  entrance 
section  surfaces  due  to  the  large  difference  in  material  thermal  conduc¬ 
tivity.  This  temperature  difference  will  then  induce  radiation  heating  of 
the  pyrolytic  graphite  throat;  the  amount  of  which  will  decrease  with  time. 

The  results  obtained  from  the  1.25-inch  nozzle  calculations  are  shown  in 
Figure  2-13.  In  applying  the  thermal  analysis  to  this  nozzle  it  was 
desired  to  determine  the  effect  of  P.G.  a-b  direction  orientation  on  nozzle 
heating  and  cooling.  The  a-b  plane  of  pyrolytic  graphite  was  aligned  paral¬ 
lel  (wedge)  and  perpendicular  (washer)  to  the  nozzle  axis.  Both  insert 
designs  occupied  the  same  volume.  The  thermal  difference  which  may  exist 
with  the  wedge  design  in  conducting  energy  out  of  the  entrance  and  throat 
regions  to  the  exit  cone  (where  it  is  lost  by  radiation  to  space)  can  then 
be  determined.  By  increasing  the  energy  dissipation  by  radiation,  the  insula¬ 
tion  thicknesses  required  by  the  ablative  backups  are  decreased.  Figure  2-13 
presents  the  resultr  of  the  thermal  analysis  as  a  comparison  in  surface 
temperature  for  the  two  throat  insert  designs.  From  Figure  2-13  the  washer 
design  will  reach  a  temperature  200°F  below  that  of  the  wedge  in  the  throat 
region  after  firing.  This  is  attributed  to  heat  sink  usage.  Due  to  the 
low  thermal  conductivity  of  pyrolytic  graphite  in  the  c-direction,  heat 
will  primarily  be  conducted  radially  in  the  washer  design,  whereas  in  the 
wedge  design,  heat  conduction  will  be  in  both  the  radial  and  axial  directions. 
Since  the  heat  incident  at  a  particular  axial  location  may  be  conducted  both 
axially  and  radially  in  the  wedge  design,  the  heat  sink  at  this  location 
may  be  at  a  higher  energy  level  than  that  obtained  in  a  washer  design. 

For  the  type  of  heat  fluxes  resulting  from  an  aluminized  cloud,  the  point 
of  maximum  heat  flux  is  significantly  upstream  of  the  throat.  Therefore, 
the  wedge  design  at  locations  downstream  of  the  throat  wiAl  obtain  higher 
surface  and  backwall  temperatures  than  that  of  a  washer  design.  The 
decrease  in  surface  temperature  at  the  axial  location  of  3  inches  is  caused 
by  the  presence  of  pyrolytic  graphite  in  a  region  of  low  heat  flux.  Radia¬ 
tion  heating  increases  in  the  upstream  direction  from  the  throat  and  con¬ 
vection  decreases:  the  net  effect  is  a  reduction  in  total  energy  incident 
at  the  surface.  The  presence  of  a  low  thermal  conductivity  material  such 
as  ATJ  in  the  entrance  section  will  result  in  sufficiently  high  surface 
temperatures,  thus  accounting  for  the  thermal  discontinuity  at  the  ATJ-PG 
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COMPARISON  OF  WEDGE  AND  WASHER  PYROLYTIC  GRAPHITE  THROAT  INSERT 


interface  (:<  =  2.H  inches).  The  advantage  of  the  wedge  design  in  radiation 
cooling  is  not  signifies,  t  in  the  throat  region.  The  energy  conducted 
from  the  entrance  section  to  the  exit  cone  via  the  wedge  insert  will  pro¬ 
duce  (approximate .y)  a  260°F  cooler  entrance  than  the  washer.  However,  if 
a  carbon  or  graphite  cloth  phenolic  entrance  section  is  employed,  the 
axial  conduction  will  be  eliminated  and  the  advantage  of  the  wedge  in  the 
entrance  section  will  be  lost. 

c.  Ablation.  The  heat  absorbed  during  firing  has  been  found  to  be 
dissipated  almost  entirelv  by  ablation  for  the  rocket  motor  configurations 
studied  in  this  program.  Because  of  this  observation,  a  significant  por¬ 
tion  of  the  thermal  effort  has  been  devoted  to  the  ablation  phenomena. 

The  behavior  of  the  ablation  phenomena  during  firing  and  soak  has  been 
analytically  investigated  using  the  conduction-ablation  program  presented 
in  Appendix  C.  This  program  will  predict  the  ablation  characteristics  of 
reinforced  plastics  that  are  employed  as  heat  sink  backup  insulators  and 
gas  side  materials.  However,  in  this  contract,  the  conduction-ablation 
program  was  limited  in  its  ability  to  accurately  predict  the  ablation 
characteristics  experienced  in  stop-start  nozzles.  This  limitation  was 
imposed  by  a  lack  of  ablation  property  data  for  the  reinforced  plastics 
studied  in  this  contract.  The  property  data  that  were  found  to  be  very 
important  in  the  ablation  phenomena  and- also  require  further  laboratory 
investigation  consist  of: 

(1)  Char  thermal  conductivity  (variation  with 
density  and  temperature). 

(2)  Char  density  as  encountered  in  rocket  motor 
(variable  during  ablation  process  due  to 
coking  experienced  between  the  carbon  satura¬ 
ted  pyrolysis  gas  and  char). 

(3)  Pyrolysis  gas  enthalpy  above  2000°F. 

(4)  Reaction  rates  and  energies  involved  iu  chemi¬ 
cal  reactions  that  occuf  between  carbonaceous 
char  and  reinforcement  material  (silica-carbon 
reaction) . 

(5)  Pyrolysis  rate  law  (decomposition  rate)  of 
plastic  under  variable  heating  conditions. 

The  application  of  the  ablation  analysis  has  been  twofold:  (1)  a  study 
of  the  importance  of  ablation  in  throat  insert  cooldown,  and  (2)  the  appli¬ 
cation  of  various  backup  materials  For  a  throat  insert  insulation  investi¬ 
gation.  In  the  material  investigation,  the  throat  insert  material  was 
pyrolytic  graphite  backed  with  (1)  asbestos  phenolic,  (2)  silica  phenolic, 

(3)  castable  carbon  (a  product  of  Atlantic  Research  Corporation),  and 

(4)  pyrolytic  graphite  insulator  backed  with  asbestos  phenolic.  The  Friedman 
pyrolysis  rate  law  (n  =  5)  was  selected  for  all  materials  (see  Appendix  C) . 
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The  radial  temperature  profiles  for  asbestos  phenolic  and  pyrolytic  graphite- 
asbestos  phenolic  backup  are  shown  in  Figures  2-14  and  2-15,  respectively. 

The  nozzle  was  fired  for  43  seconds  and  then  the  insert  was  allowed  to 
equilibrate,  at  which  time  the  free  stream  surface  is  assumed  insulated 
(no  radiation  cooldown) .  In  Figure  2-16  the  thermal  history  of  the  pyrolytic 
graphite  insert-backup  material  interface  is  shown  for  various  backup  mate¬ 
rials.  Figure  2-16  may  also  be  said  to  represent  the  thermal  history  for 
the  total  throat  washer  because,  as  Figures  2-7  and  2-8  indicate,  the  throat 
washer  is  isothermal  after  100  seconds  from  firing.  The  decomposition  of 
the  ablating  nodes  is  shown  in  Figure  2-17  for  the  ablative  materials  of 
Figure  2-16. 


The  insulating  and  ablative  cooling  properties  of  pyrolytic  graphite  shell 
and  asbestos  phenolic  are  found  to  exceed  all  other  material  configurations 
studied  (Figure  2-16) .  This  is  attributed  to  the  fact  that  the  pyrolytic 
graphite  backup  (1)  provides  additional  heat  capacity  to  the  throat  insert 
and  (2)  when  compared  to  asbestos  phenolic  without  pyrolytic  graphite, 
insulates  the  throat  insert  from  the  ablator,  thus  causing  ablation  to  be 
delayed  (approximately  35  seconds)  and  to  proceed  at  a  slower  rate. 

Asbestos  phenolic  is  found  to  be  superior  to  silica  from  a  thermal  stand¬ 
point  as  indicated  by  (1)  the  slower  pyrolysis  rate  (Figure  2-17)  and 
(2)  the  greater  cooling  properties  (Figure  2-16).  The  cooling  properties 
of  asbestos  exceed  silica  due  to  (1)  lower  thermal  conductivity  of  char 
and  virgin  material  and  (2)  lower  char  density  (i.e.,  greater  heat  capacity 
per  pound  of  resin  due  to  the  greater  percentage  of  pyrolysis  products 
formed) .  The  moldable  carbon  insulator,  which  behaves  as  a  heat  sink,  is 
not  too  much  different  than  the  ablators  in  affecting  the  thermal  history 
of  the  throat  insert. 


In  studying  the  effect  of  initial  char  thickness  on  ablation  rate,  the 
2.5-inch  nozzle  was  fired  from  ambient  with  an  initial  asbestos  phenolic 
char  thickness  of  0.20  inch,  the  influence  of  which  is  shown  in  Figure  2-16. 
The  char  is  found  to  act  similar  to  that  of  the  cast  carbon  backup  insu¬ 
lator  except  at  times  approaching  700  seconds.  At  this  time,  Figure  2-17 
indicates  ablation  is  initiated  with  the  cooling  mechanism  of  ablation 
influencing  the  thermal  history  of  the  throat  insert.  Therefore,  when  a 
motor  is  started  from  ambient  with  an  initial  char,  the  char  will  act  as 
an  additional,  heat  sink  and  delay  the  initiation  of  virgin  plastic  degra¬ 
dation.  This  degradation  rate  will  proceed  at  a  much  slower  rate  than  the 
zero  initial  char  case.  The  initial  char  thickness  will  also  result  in  a 
more  efficient  usage  of  the  degradation  material  than  the  zero  char  case 
:.n  dissipating  heat  since  the  pyrolysis  products  transpire  through  a 
larger  char  thickness  thus  absorbing  more  heat.  The  effect  of  initial 
temperature  level  on  the  ablation  phenomena  (Figure  2-18)  was  obtained  by 
refiring  the  1. 25-inch  nozzle  after  a  100  second  soak.  The  increase  in 
heat  sink  energy  after  the  second  firing  will  cause  only  a  slight  change 
in  ablation  rate.  This  is  due  to  the  initial  char  thickness  prior  to  the 
second  firing. 
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TEMPERATURE  PROFILE  FOR  PYROLYTIC  GRAPHITE  THROAT 
WASHER  WITH  ASBESTOS  PHENOLIC  INSULATOR 
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FIGURE  2-lb.  PYROLYTIC  GRAPHITE  THROAT  INSERT  THERMAL 
HISTORY  WITH  VARIOUS  BACKUP  INSULATORS 
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FIGURE  2-L7.  DECOMPOSITION  OF  ABLATING  NODES 


ASBESTOS  PHENOLIC 


The  predicted  cooldown  rates  and  temperature  distributions  of  the  1.25-inch 
throat  diameter  P.G.  motor  (tesc  D-2)  (see  Table  2.2)  are  shown  in 
Figures  2-18,  2-19  and  2-2G>  respectively.  The  effect  of  restart  on  these 
ablation  characteristics  is  clearly  evident  in  Figure  2-19,  i.e.,  increase 
in  char  temperature  level  and  therefore  ablation  rate.  In  Figure  2-19, 
virgin  degradation  can  be  seen  to  proceed  at  a  high  rate  in  the  900  to 
1J.00°F  temperature  range  (as  noted  by  the  change  in  temperature  gradient 
in  this  temperature  range) . 

The  enthalpy  change  of  the  throat  washer  during  the  soak  period  is  shown 
in  Figure  2-20  for  the  2.5-  and  1.25-inch  P.G.  inserts,  respectively. 

(The  ablation  characteristics  during  tiring  have  been  discussed  in  Para¬ 
graph  2.4.2.)  The  effect  of  initial  char  thickness  and  heat  sink  temp¬ 
erature  on  the  heat  dissipated  by  ablation  is  shown  in  Figure  2-21.  By 
comparing  the  heat  dissipated  from  the  throat  washer  during  soakback  by 
(1)  radiation  (Paragraph  2.4.3b),  (2)  conv  tion  (Paragraph  2.4.3a),  and 
(3)  ablation  (Figure  2-12),  it  is  conc’aue*.  hat  for  the  nozzles  studied 
in  this  contract,  the  heat  absorbed  Ty  the  hea^  sink  materials  in  the 
entrance  and  throat  regions  during  firing  j.s  aim  >st  solely  dissipated  by 
ablation.  The  radiation  and  conduction  heat  tr^isfer  mechanisms  transport 
energy  to  cooler  sections  of  the  motor,  where  tne  major  portion  is  dissi¬ 
pated  by  ablation.  Table  2.4  and  Figure  2-12  are  a  comparison  of  the 
energies  dissipated  by  he  various  soakbacl  heat  transfer  mechanisms  for 
the  nozzle  of  Figure  2-?9  and  Figure  2-10,  respectively. 

TABLE  2.4 

ENERGY  DISSIPATED  BY  HEAT  TRANSFER 
MECHANISMS  TURING  SOAKBACK  AT 
THROAT  LOCATION  FOP  1.25-INCH  NOZZLE  (PREDICTED) 

Throat  Washer 
Enthalpy  Change 


Heat  Transfer  Mechanism 

Time 

During  Soak  Period 

(Btu/lb' 

Radiation  -  intersurface 
and  surface  to  ambient 
environment 

140 

sec  after 

shutdown 

1 

o 

o 

Convection  (from  pyrolysis 

140 

sec  after 

shutdown 

+0.02 

gas  free  stream) 

Ablation 

140 

sec  after 

shutdown 

-0.27 

Total 

-0,29 
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FIGURE  2-19.  RADIAL  TEMPERATURE  DISTRIBUTION  IN  ABLATOR  AT  THROAT  LOCATION 
(FOR  NOZZLE  OF  FIGURE  2-18) 
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THROAT  HEAT  CONTENT  AFTER  FIRING 
(Btu/LB) 
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EFFECT  OF  THROAT  INSERT  HEAT  CONTENT  AFTER  FIRING  ON  HEAT 
CONTENT  CHANGE  DURING  SOAK 
(SEE  EQUATION  2.2) 
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FIGURE  2-21.  EFFECT  OF  INITIAL  CHAR  THICKNESS  AND  THROAT  INSERT  HEAT 
CONTENT  ON  HEAT  DISSIPATED  DURING  SOAK 
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The  accuracy  of  the  above  results  and  observations  are  limited  by  the  abla¬ 
tion  property  values  used  in  the  ablation  analysis.  To  determine  the 
accuracy  and  limitations  of  both  the  results  and  ablation  model,  the  abla¬ 
tion  property  data  and  phenomena  that  are  considered  important  were 
investigated. 

The  effect  of  the  Arrhenius  pyrolysis  rate  law  constants  were  studied  with 
asbestos  phenolic  as  the  ablator.  The  Arrhenius  constants  of  Friedman 
(n  ■  5)  and  Farmer  (n  =  1)  were  employed  and  the  results  shown  in 
Figures  2-12,  2-16  and  2-17.  The  large  discrepancy  in  ablation  rate 
(Figure  2-17)  indicates  the  importance  of  the  Arrhenius  constants  on  the 
ablation  rate. 

At  the  time  the  material  investigations  were  performed,  the  char  thermal 
conductivity  of  asbestos  phenolic  was  not  available.  The  value  used  in 
the  ablation  program  was  obtained  from  the  weight  ratio  of  the  individual 
conductivities  of  asbestos  and  porous  carbon.  The  resulting  value  was 
3  x  10-6  Btu/in.  sec°F.  Later  in  the  contract,  the  char  thermal  conduct¬ 
ivity  was  found  to  possibly  be  in  the  10  to  20  x  10*6  Btu/in.  seccF  range 
(see  Appendix  C).  Since  the  material  investigation  employed  the  3  x  10"6 
char  thermal  conductivity,  the  results  of  the  above  material  investigation 
must  be  considered  only  from  a  qualitative  approach.  Another  important 
phenomena  that  was  found  to  occur  in  the  ablation  of  the  backup  heat  sink 
insulators  and  not  considered  in  the  analytical  model  was  that  of  carbon¬ 
aceous  char -reinforcement  chemical  reactions.  In  the  insulators  obtained 
from  the  motor  firings  under  this  contract  a  significant  amount  of  SiC 
was  found.  The  reaction  between  Si  and  C  involves  a  highly  endothermic 
chemical  reaction  and  therefore  should  be  considered  in  the  ablation  analysis 
of  refrasil  (silica)  and  asbestos  phenolic  (see  Appendix  C).  Not  including 
this  reaction  in  the  analysis  then  requires  that  the  heat  absorbed  by  this 
reaction  must  be  dissipated  by  degradation  of  the  virgin  plastic,  causing 
the  predicted  ablation  rate  to  be  greater  than  actually  exists  (see 
Section  8) . 
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2.4.4  DUTY  CYCLF  LIMITATION”'  AND  THFVY'.T  *HSm\  DESIGN 

The  thermal  analyses  c”  Paragt aphs  2  1,  l.t  and  2.3  together  with  the  results 
of  Paragraphs  2.4.3  and  2.4.4  ve’-e  applied  to  the  throat  Insert  configura¬ 
tions  lifted  in  Table  2.2  to  establish  (1)  the  amount  of  energy  absorbed 
by  the  insert  at  various  times  during  firing  and  (2)  the  time  to  reach  the 
maximum  design  temperature  (50*9°F  for  PG  anc  5500°F  for  tungsten).  By 
performing  the  thermal  analysis  on  throat  inserts  at  different  temperature 
levels,  the  determination  of  energy  input  versus  temperature  permits  the 
construction  of  a  family  of  curve'  relating  heat  input  to  firing  time. 

The  firing  time  at  which  the  throat  surface  reaches  the  maximum  design 
temperature  will  then  restric  the  maximum  energy  that  the  throat  insert 
can  absorb  at  the  corresponding  initial  temperature  level  (initial  heat 
content).  Combining  the  heat  content  dependency  on  firing  time  with  the 
maximum  surface  temperature  restriction  enables  the  construction  of  duty 
cycle  curves  similar  to  Figures  2-22,  2-23  and  2-24.  Curves  of  this  type 
are  very  veraatile  in  selecting  possible  duty  cycles  for  a  giver  throat 
insert.  However,  curves  of  this  nature  are  restricted  in  the  following 
ways:  (1)  at  the  end  of  firing  the  throat  insert  must  be  nearly  equili¬ 
brated  (that  is,  approximately  isothermal)  before  a  restart  is  initiated, 

(2)  alumina  deposition  is  not  considered,  and  (3)  the  start  transient  is 
assumed  as  a  step-change  in  chamber  pressure.  Paragraph  2.4.2c  shows  that 
insert  equilibration  is  obtained  at  approximately  30  seconds  for  pyroiytic 
graphite,  25  seconds  for  annealed  pyrolytic  graphite,  and  80  seconds  for 
tungsten.  The  effect  of  alumina  deposition  and  start  transients  on  the 
..eat  content  curves  is  discussed  elsewhere  in  this  paragraph. 


To  specify  the  amount  of  energy  dissipated  by  ablation,  conduction  and  rad¬ 
iation  during  the  soak  period  (and  thus  the  energy  level  at  which  the  throat 
insert  is  restarted  on  subsequent  firings)  required  applying  the  ablation- 
conduction  and  radiation  programs  to  the  entrance,  throat,  and  exit  sections 
(discussed  in  Paragraph  2.4.3).  Since  the  magnitude  of  energy  absorbed  by 
ablation  is  dependent  upon  the  temperature  level  of  Lae  throat  insert  and 
initial  char  thickness  (i.e.,  ablation  rate  is  a  function  of  heat  input), 
and  the  energy  lost  by  radiation  from  the  throat  insert  is  a  function  of 
nossle  surface  temperatures,  the  change  in  Insert  heat,  content  during  cool¬ 
down  may  be  expected  to  be  dependent  on  the  insert  energy  level  at  the  time 
of  shutdown.  To  analyse  the  ebletion  end  radiation  temperature  dependence 
of  the  various  throat  insett  configurations  with  the  infinite  number  of 
possible  duty  cycles  would  require  an  expensive  and  lengthy  thermal  analysis. 
Therefore,  as  e  simplification  the  ablation-conduction  and  radiation  programs 
were  applied  to  the  energy  level  obtained  at  the  end  of  the  initial  pulse 
for  a  fir 'ng  time  sufficient  to  reach  the  maximum  surface  temperature  using 
three  initial  char  thi  knesses.  Prom  this  type  of  analysis  the  effect  of 
initial  char  thickness  on  the  change  in  heet  content  during  soak  back  can 
be  determined  (figure  2*21).  To  determine  the  effect  of  insert  beet 
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FIGURE  2-22.  INFLUENCE  OF  TOTAL  HEAT  CONTENT  FOR  TUNGSTEN  SHELL  (0.15  IN.) 
AND  ATJ  GRAPHITE  THROAT  INSERT  ON  FIRING  TIME 


FIGURE  2-23.  JNPLUENCP,  OF  HEAT  CONTENT  FOR  PYROLYTIC  GRAPHITE 
THROAT  INSERT  ON  FIRING  TIME 


It  FOR  AS  DRP.  PYROLYTIC  GRAPHITE  WROAT  INSERT 


CONFIDENTIAL 


content  on  the  change  in  heat  content  during  soak  back,  the  conduction- 
ablation  analysis  was  applied  to  a  P.G.  insert  at  various  initial  heat  con¬ 
tent  levels  with  no  initial  char  thickness  (Figure  2-21) .  To  determine  the 
char  thickness  at  a  specific  time  in  the  duty  cycle  it  is  suggested  that 
the  empirical  expression, A M  Kt^,  be  em;  loyed  (where  A  is  the  char  thick¬ 
ness  after  soak  to  ambient  and  t  it:  the  cumulative  firing  time).  The  con¬ 
stant  K  is  presented  and  discussed  in  Section  6  for  the  above  nozzle  con¬ 
figurations.  Figure  2-21  was  constructed  using  the  heat  content  change  at 
10  minutes  in  the  soak  period.  The  ratios  $  and  0  of  Figure  2-21  were  found 
to  be,  for  all  practical  purposes,  constant  in  the  0  to  18  minute  soak 
period;  however,  after  this  time  the  deviation  in  $  and  0  is  significant. 
From  Figure  2-12,  the  radiation  mode  of  insert  cooldown  can  be  seen  to  be 
considerably  less  than  that  resulting  from  ablation  and  is  extremely  depend¬ 
ent  on  exit  area  ratio.  Thus,  in  considering  throat  insert  cooldown  for 
the  configuration  studied;  the  effect  of  radiation  can  be  neglected. 

It  has  been  semi-empirically  shown  in  this  program  that  if,  during  the  soak 
period,  the  temperature  level  of  the  insert  does  not  reach  below  approxi¬ 
mately  1500°F  or  5G0  Btu/lb  the  heat  dissipated  by  ablation,  for  ail  prac¬ 
tical  purposes,  is  independent  of  char  thickness  for  the  following  soak 
period.  This  observation  may  be  attributed  to  the  fact  that  (T)  the  temp¬ 
erature  level  in  the  char  and  pyrolysis  zone  is  at  a  sufficient  level  and 
(2)  the  char  layer  is  thick  enough  such  that  the  pyrolysis  rate  is  nearly 
independent  of  char  thickness. 

The  change  in  throat  insert  heat  content  during  soak  back  is  shown  in 
Figure  2-20  for  the  insert  configurations  of  Figures  2-22,  2-23,  and  2-24. 
These  heat  content  curves  apply  to  Figures  2-22,  2-23,  and  2-24  for  no 
initial  char  thickness  and  a  heat  content  level  at  the  time  of  shutdown 
of  460,  890,  and  980  Btu/lb,  respectively.  The  effect  of  throat  insert 
heat  content  at  shutdown  on  the  change  in  heat  content  during  soak  back 
is  shown  in  Figure  2-21.  Also,  the  effect  of  initial  char  thickness  on 
the  change  in  heat  content  is  shown  in  Figure  2-21.  By  applying  Figure  2-21 
to  Figure  2-20,  the  duty  cycle  limitation  of  the  throat  insert  of 
Figures  2-23  and  2-24  can  be  determined  using  the  following  expression: 

AH  -  #0AHo  (2.2) 

where  AHq  is  the  change  in  heat  content  of  Figure  2-20. 

The  pyrolytic  graphite  heat  content  versus  temperature  Is  presented  in 
figure  2-25  to  aid  in  the  determination  of  the  insert  temperature  levels 
of  Figures 

As  example  of  the  above  technique  in  determining  duty  cycle  limitations  is 
presented  in  the  following  paragraphs. 
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The  Initial  pulse  length,  Figure  2-24,  is  chosen  such  that  the  surface 
temperature  at  the  end  of  firing  corresponds  to  that  at  which  initiation 
of  throat  regression  is  expected.  From  Figure  2-24,  the  maximum  firing 
tine  is  found  to  be.  49.2  seconds  with  the  heat  content  of  the  insert  at 
980  Btu/lb.  The  heat  content  is  980  Btu/lb  and  the  char  thickness  at  the 
time  of  firing  is  zero,  therefore  $  =  1  and  =  1  (See  Figure  2-21).  Then, 
if  the  soak  back  period  is  14  minutes  the  change  in  heat  content  of  the 
insert  is  -204  Btu/ifc  (Figure  2-20).  Therefore,  the  heat  content  level  of 
the  insert  at  the  initiation  of  the  second  pulse  is  776  Btu/lb.  If  the 
second  pulse  length  is  chosen  such  that  the  surface  temperature  reaches 
the  level  at  which  throat  regression  is  initiated,  then,  from  Figure  2-24, 
the  second  pulse  length  is  17.4  seconds  and  the  insert  heat  content  is 
1040  Btu/lb.  Since  the  heat  content  at  the  end  of  the  first  soak  period 
is  above  500  Btu/lb,  the  heat  dissipated  during  the  second  soak  can  be 
estimated  from  Figures  2-21  and  2-20.  If  the  second  soak  period  is  5  min¬ 
utes,  the  change  in  heat  content  is  (-220+204)  (1.1)  *  -17.6  Btu/lb.  (The 
change  in  heat  content  at  14+5  minutes  minus  the  change  in  heat  content 
at  14  minutes,  and  this  difference  multiplied  by  the  constant  found  in 
Figure  2-21  using  a  heat  content  of  1040  Btu/lb.)  The  heat  content  at  the 
initiation  of  the  third  pulse  is  then  1022  Btu/lb.  If  the  heat  content 
for  the  remaining  soak  periods  is  not  below  500  Btu/lb  the  above  procedure 
is  followed  for  the  remaining  firings.  Jf,  however,  a  soak  to  ambient  is 
desired  after  the  second  pulse  then  the  final  char  thickness  is  obtained 
using  the  total  firing  time  that  the  insert  experienced  and  the  correla¬ 
tions  presented  in  Section  8,  Figure  8-36;  i.e.,  A  =  =  0.043 

(49.2  +  17.4) =  0.35  inch.  If  the  first  pulse  length  after  the  soak 
to  ambient  is  20  seconds,  the  change  df  heat  content  experienced  during 
the  first  soak  period  is  found  as  follows:  (1)  from  Figure  2-24  the  heat 
content  of  the  insert  after  20  seconds  is  550  Btu/lb;  (2)  the  char  thick¬ 
ness  at  the  initiation  of  the  first  pulse  is  found  from  Section  8  using 
the  total  firing  time  prior  to  the  soak  to  ambient,  char  thickness  = 

0.35  inch;  (3)  the  parameter  0  is  found  from  Figure  2-21  using  the 
550  Btu/lb  insert  heat  content;  (4)  the  parameter  is  found  from 
Figure  2-21  using  0.35  inch,  the  initial  char  thickness;  (5)  the  quantity 
AH0  is  found  from  Figure  2-20  using  the  time  of  this  first  soak  period; 
and  (6;  using  Equation  (2.2),  the  change  in  heat  content  is  determined. 

This  procedure  is  applied  to  the  remaining  fire  and  soak  periods. 

The  duty  cycle  curve  for  tungsten  (Figure  2-22)  has  a  structural  restriction 
on  the  amount  of  cooling  that  can  be  experienced  between  firings.  If  the 
first  or  any  subsequent  pulse  allows  the  insert  heat  content  to  exceed 
300  Btu/lb,.  the  heat  content  cannot  fall  below  the  band  of  Figure  2-22  in 
the  cooling  period  or  a  structural  failure  of  the  tungsten  will  be  experi¬ 
enced  on  subsequent  startup.  This  band  represents  the  transition  between 
a  ductile  and  brittle  state  for  tungsten  since  the  heat  content  is  propor¬ 
tions1  to  temperature,  i.e.,  H  =  CpT.  For  example,  when  the  heat  content 
or  the  insert  of  Figure  2-22  exceeds  300  Btu/lb,  grain  growth  in  the  tungsten 
is  experienced.  This  grain  growth  in  turn  reduces  the  structural  strength 
of  the  tungsten.  If  the  heat  content  should  fall  below  240  Btu/lb,  the 
tungsten  is  in  a  brittle  state  and  subsequent  firings  could  result  in  a 
thermal  shock  failure. 
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Structural  limitations  are  placed  on  pyrolytic  graphite  but  failure  is  of 
a  different  form  than  tungsten.  Pyrolytic  graphite  structural  failure  is 
in  the  form  of  spalling  and  is  discussed  in  another  section. 

Duty  cycle  curves  similar  to  Figures  2-22,  2-23  and  2-24  for  the  throat 
inserts  listed  in  Table  2.2  are  presented  in  Figures  2-26,  2-27,  and  2-28. 
In  review,  the  above  duty  cycle  curves  are  restricted  by: 

(1)  The  assumption  of  insert  equilibration  to  an 
isothermal  state  between  firings, 

(2)  the  omission  of  alumina  deposition, 

(3)  the  omission  of  startup  transients, 

(4)  the  effect  of  backup  material  other 
than  insulator,  i.e.,  ATJ  graphite,  and 

(5)  extrapolation  to  throat  inserts  not  studied 
in  this  program. 

The  effects  of  these  restrictions  on  the  duty  cycle  curves  are  described 
below. 


a.  Insert  Equilibration  to  Isothermal  State.  The  restriction  that 
the  cooldown  time  be  sufficient  fcr  insert  equilibration  to  approximately 
reach  an  isothermal  state  (roughly  30  seconds  for  pyrolytic  graphite,  25 
seconds  for  annealed  pyrolytic  graphite,  and  80  seconds  for  0.150-inch  tung¬ 
sten)  limits  the  duty  cycle  curves  o  cooldown  periods  greater  than  the  time 
to  reach  nearly  isothermal  conditions.  However,  this  restriction  can  be 
broadened  from  considering  the  fact  that  a  pulse  firing  will,  in  the  limit 
(cooldown  time  approaches  zero),  approach  a  continuous  firing.  For  cool¬ 
down  times  less  than  5  seconds  the  pulse  firing  may  be  considered 
continuous.  This  is  shown  very  effectively  in  Figure  2-29.  Figure  2-29 

is  a  comparison  between  a  continuous  firing  and  5  second  firings  with 
3-second  off  times  for  a  5/8-inch  diameter  pyrolytic  graphite  throat 
insert.  For  cooldown  periods  greater  than  5  seconds  and  less  than  the 
equilibration  time,  a  significant  error  may  result  in  using  these  duty 
cycle  curves. 

b.  Alumina  Deposition.  The  boundary  conditions  applied  to  the  thermal 
analysis  were  altered  so  as  to  predict  the  effect  of  alumina  deposition  on 
the  thermal  behavior  of  the  throat  insert.  The  analysis  of  deposition  is 
limited  in  that  the  deposition  rate  must  be  specified  from  experimental 
data  (See  Section  8).  The  effect  of  alumina  deposition  on  the  duty  cycle 
curves  shown  in  the  previous  paragraph  is  illustrated  in  Figure  2-30. 
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FIGURE  2-27  HEAT  CONTENT  OF  ANNEALED  P.G.  THROAT  INSERT  VERSUS  FIRING  TIME 
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HEAT  CONTENT  OF  TUNG.  -  ATJ  THROAT  INSERT  (0.180  IN.) 


HEAT  CONTENT  OF  TUNG.  -  ATJ  THROAT  INSERT  (0.800  IN.) 
VERSUS  FIRING  TIME 


HEAT  CONTENT  OF  TUNGSTEN  -  ATJ  THROAT  INSERT  VERSUS  FIRING  TIME 
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FIGURE  2-28.  HEAT  CONTENT  FOR  TUNG.  SHELL  AND  ATJ  GRAPHITE 
THROAT  INSERT  VERSUS  FIRING  TIME 
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FIGURE  2-30.  INFLUENCE  OF  ALJMINA  DEPOSITION  ON  Ht-tT 
CONTENT  OF  P.G.  THROAT  INSEFT 
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Alumina  reduces  the  heat  .input  to  the  thr  >at  imert  and  thua  increases  the 
window  of  the  ctity  cycle  curves.  For  long  firing  times,  the  effect  of 
alumina  deposition  can  neglected  from  a  thermal  standpoint;  however, 
from  structural  considerations  the  initiation  of  spalling  will  be  delayed 
and  alumina  deposition  must  bs  included. 

It  should  be  noted  chat  the  alumina  deposition  experienced  in  the  solid 
propellant  simulator  at  Aerouutronic  may  not  be  representative  of  solid 
propellant  motors,  the  difference  being  in  chamber  geometry  and  propellant 
combustion  (i.e.  particle  else  end  flow  pattern).  Consideration  of  alumina 
deposition  in  determining  duty  cycle  limitations  requires  additional  work 
in  predicting  the  deposition  mechanisms  Omission  of  alumina  deposition 
phenomena  in  the  thirmal  ar alysi  will  result  Ln  conservative  thermal  and 
structure  predictions. 

c.  St.  Transients.  The  thermal  analyses  performed  in  this  program 

assume  a  step  hange  n  chamber  pressure  at  startup,  i.e.,  at  t<0,  Pc  * 
14.7  pale  and  c  t_>0,  Pc  "  700  paia.  A  step  change  in  chavfcer  pressure 
is  s  relatively  conservative  at  sumption  for  all  motors.  The  chamber 
pressure  trace  during  startup  in  the  Simulator  and  in  solid  propellant 
motors  is  not  a  step  change,  but  a  logarithmic  function  depending,  of 
course,  on  igniter  characteristics.  The  reduction  in  heating  that  is 
experienced  with  a  logaritamiw  chamber  pressure  rise  is  sufficient  to 
produce  t  1  t)  2  second  temperature  delay  in  the  backwall  temperature. 

The  surface  temperature  will  be  sufficiently  lower  with  the  logarithmic 
pressure  trace,  producing  a  delay  in  thermal  structural  failure;  as  the 
effect  of  the  pressure  start  transient  on  structural  failure  will  effect 
tungsten  to  a  larger  extent  tha;;  pyrolytic  graphite.  Tungsten  failure 

is  ln  the  form  of  cracking  and  occurs  at  very  short  times  from  startup; 
whereas  thac  of  pyrolytic  graphite  is  in  the  form  of  spallation  and  is* 
found  to  occur  at  tii.es  greater  than  10  seconds.  The  effect  of  pressure 
transient  on  tur',sten  failure  is  discussed  in  Section  3. 

d.  Extrapolation  Technique  for  Throat  Insert  Configurations  Not 
Studied  ln  this  Program.  A  throat  insert  has  three  primary  parameters 
whtc!  determine  its  thermal  duty  cycle  limitations  (constant  chamber 
conditions).  These  are: 

/1)  Type  of  beat  sink  material  or  materials. 

(2)  Throat  diameter. 

(3)  Heat  sink  thickness. 

The  hear  content  curvet  presented  in  this  paragraph  are  restricted  to  only 
edge  grein  «a  deposited  P.G.  becked  with  ATJ,  edge  grain  annealed  p.G. 
backed  with  ATJ,  ^ad  tungeten  l teked  with  ATJ.  if  a  particular  nozzle 
employe  -  backup  materia’  other  then  ATJ,  the  heat  content  curves  developed 
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for  as  deposited  P.  G.  and  annealed  P.  G.  can  be  applied  for  design  purposes 
That  is,  the  effect  of  the  backup  material  on  thermal  response  is  minor  as 
shown  <n  Figure  2-31,  If,  however,  the  backup  material  for  the  tungsten 
insert  has  a  thermal  conductivity  much  different  from  ATJ,  then  it  is  not 
permissible  to  use  the  tungsten  heat  content  curves. 

The  effect  of  throat  diameter  on  heat  content  is  reflected  prime. ily  in  the 
dependency  of  the  heat  transfer  coefficient  and  radial  heat  sink  change 
on  throat  diameter.  The  heat  content  ct^v^s  presented  in  this  paragraph 
are  applicable  for  throat  diameters  of  1.25,  and  2.50  Inches.  For 

design  purposes  other  than  the  above,  i.  l.  r  to  5  inches  in  range, 
linear  interpolation  is  permissible  at  cor.- .  eat  sink  thickness  (b/a). 
For  diameters  greater  than  5  inches,  the  heat  ll  .tent  curves  should  be 
determined  analytically. 

The  effect  of  heat  sink  thickness  (b/a)  on  the  time  for  the  surface 
temperature  to  reach  the  maximum  design  temperature  (5000°F  for  P.  G. 
and  5500°F  for  tungsten)  ia  shown  in  Figures  2-31 and  2-32  for  P.  G.  and 
tungsten,  respectively.  The  effectiveness  of  the  heat  sink  thickness  in 
increasing  the  time  to  reach  the  resign  surface  temperature  is  nearly 
linear  for  all  b/a  values  studied  for  P.  G.  For  tungsten  inserts,  a 
point  of  diminishing  returns  is  reached  at  a  b/a  *  1.2.  For  inserts  with 
b/a  values  greatly  different  frcir.  those  studied  in  this  program,  the 
heat  content  curves  should  determined  analytically. 
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SECTION  3 

STRUCTURAL  ANALYSIS 


The  objective  of  the  structural  analysis  was  to  develop  sufficient  analytical 
foundation  for  the  determination  of  the  structural  response  of  the  nozzle 
components  so  that  ranges  of  allowable  operation  might  be  established.  Two 
simple  definitions  were  formulated  to  serve  as  guidelines  in  the  structural 
area: 


Failure :  Any  occurrence  which  prevents  an  item  from 
functioning  as  desired. 

Structural  failure  of  a  solid  propellant  nozzle:  Any 
structural  phenomenon  which  prevents  the  nozzle  from 
meeting  operational  requirements. 

Structural  phenomena  leading  to  failure  formed  the  basis  for  the  definition 
of  problems  to  be  considered  within  this  area  of  analysis.  In  general,  the 
structural  phenomena  which  were  investigated  were  the  development  of  fracture 
surfaces,  permanent  deformations,  and  the  loss  of  surface  material  as  a 
result  of  structural  responses.  Even  with  the  broad  definitions  given 
above,  it  is  difficult  to  pinpoint  an  occurrence  which  could  actually  be 
termed  a  failure.  For  example,  not  every  case  of  fracture  surface  develop¬ 
ment  can  be  called  a  failure.  In.  this  program  similar  one-niece  and  two- 
piece  tungsten  inserts  were  designed  and  tested:  structurally,  they 
performed  equally  well.  Had  the  interface  of  the  two-piece  insert  been  the 
result  of  a  fracture,  it  would  be  difficult  to  call  this  fracture  a  failure. 
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The  problems  discussed  .in  the  succeeding  paragraphs  were  defined  early  in 
the  program  in  order  to  fora  a  basis  for  the  structural  analytical  efforts. 

As  the  program  progressed,  problem  emphasis  was  shifted  as  results  from 
tests,  analysis,  and  outside  sources  became  available.  As  a  consequence, 
i*  reassessment  of  problems  is  made  as  the  last  portion  of  Paragraph  3.1. 

A  comparison  of  analytical  predictions  with. test  results  is  made  in 
Section  6. 

3.1  PROBLEM  DEFINITION 

In  order  to  simplify  the  structural  analysis,  the  problems  are  divided 
into  two  categories.  One  category  includes  problems  which  are  common  to 
both  single-firing  and  to  restartable  nozzles.  Thus,  these  problems  for 
the  restartable  nozzle  are  the  eame  as  for  the  single-firing  nozzle 
except  that  they  are  of  a  repetitive  nature.  The  fact  that  they  are 
repetitive  is  not  considered  in  this  category.  Any  effects  due  to 
repetition  are  considered  .in  the  second  category.  This  second  category 
includes  problems  unique  to  restartable  nozzles.  These  cover  the  cyclic 
effects,  cumulative  effects,  and  unique  loading  effects. 

A  strong  coupling  exists  between  materials  and  structural  problems.  For 
a  g^'.ven  material,  certain  phenomena  occur,  which  are  not  displayed  by  other 
materials.  For  example,  the  structural  transformation  which  pyrolytic 
graphite  undergoes  at  high  temperature  is  not  evident  in  tungsten. 

Likewise,  tungsten's  high  modulus  of  elasticity,  which  is  la-gely  responsible 
for  high  tensile  thermal  stresses,  makes  the  brittle-ductile  transition 
temperature  an  important  characteristic  for  this  material.  It  is  not 
possible,  therefore,  to  say  that  certain  general  problems,  such  as 
thermal  stress  and  pressure  stress  problems,  exist,  but  it  is  necessary 
to  consider  the  types  of  loading  and  the  particular  responses  which  are 
possible  with  the  materials  included  in  the  study. 

3.1.1  PROBLEMS  COMMON  TO  SINGLE -FIRING  AND  RESTARTABLE  NOZZLES 

a.  Elastic  Behavior.  Certainly  one  of  the  most  important  problems 
to  be  considered  in  restartable  nozzles  is  the  elastic  response  of  the 
structure  to  the  imposed  loading.  Response  in  the  elastic  range  will 
certainly  exist  for  the  first  firing,  and,  depending  on  the  initial 
conditions,  may  exist  for  all  subsequent  firings.  A*1  materials  considered 
within  this  program  have  a  temperature  range  over  which  they  display  linear 
elastic,  behavior.  Calculation  of  linear  elastic  response  is  not  difficult 
if  certain  simplifying  geometrical  assumptions  are  considered  valid. 

These  include  the  absence  of  end-effects  and  axial  variations  in  geometry. 

Any  initial  or  residual  stresses  are  merely  superimposed. 
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(1)  Development  of  Fracture  Surfaces.  Considering  the  thermal 
stresses  jin  a  nozzle  which  was  initially  at  the  temperature  of  its  ambient 
environment,  it  is  found  that  the  maximum  compressive  stresses  occur  on 
the  inner  wall.  But  the  compressive  stresses  in  the  materials  under 
consideration  do  not  produce  fracture  surfaces.  The  maximum  tensile 
stresses  occur  at  the  back  wall,  which  is  still  cool  enough  when  the  peak 
tensile  stresses  are  attained  that  the  wall  material  is  brittle.  This 
tensile  response  is  thus  in  the  elastic  regime  and  is  the  critical  stress 
for  the  development  of  fracture  surfaces. 

(2)  Spallation.  Spoliation  may  be  defined  as  the  ejection  r,  chunks 
of  surface  material.  This  phenomenon  may  occur  from  several  causes: 

\  \ 

(a)  The  development  of  high  stresses  near  the  material 
surface  caused  by  the  reflection  of  an  elastic  wave 
from  that  surface.  This  is  noted  in  hypervelocity 
impact  where  material  spalls  from  the  backside  of 
the  impacted  body. 

(b)  The  development  of  large  principal  stresses  parallel 
to  the  surface.  These  stresses  give  rise  to  maximum 
shear  stresses  at  some  angle  to  the  surface.  Con¬ 
sidering,  for  example,  a  strength  criterion,  when 
these  shear  stresses  (rather  than  the  principal  stress) 
become  critical,  they  will  cause  fracture  on  planes 
oblique  to  the  surface  and  allow  spallation  to  occur. 

(c)  The  development  of  ftresaes  from  the  generation  of 
high  pressure  gases  in  porous  material.  This  occurs 
in  char- forming  ablate rs  where  the  pyrolysis  gases 
are  being  generated  at  a  fast  enough  rate  so  that 
the  porosity  of  the  char  is  not  sufficient  to  allow 
their  immediate  escape. 

Spallation  from  the  first  cause  was  not  considered,  since  it  was  not 
expected  that  a  dynamic  elastic  wave  of  sufficient  severity  would  be 
generated  with  the  loadings  encountered  in  restar table  nozzles. 

Large  principal  stresses  are,  of  course,  created  which  give  rise  to  the 
oblique  shearing  stresses.  This  was  considered  since  many  oi  the  nozzle 
materials  exhibit  shear  strengths  of  about  half  the  tensile  or  compressive 
strengths.  It  is  also  of  concern  for  materials  which  have  large  grain 
sizes  and  weak  grain  boundaries. 

Spallation  resulting  from  high  internal  gas  pressure  could  be  important 
only  in  the  char-forming  ablators. 


3-3 


b.  Anel-istfc  Behavior.  Included  in  this  general  grouping  are 
viscoelastic  and  plastic  responses.  Essentially,  elastic  behavior  implies 
complete  recovery  of  energy  of  deformation.  When  energy  is  dissipated, 
the  behavior  is  anelastic. 

Relatively  instantanec us  response  on  loading  and  subsequent  unloading, 
accompanied  by  energy  dissipation  (and  thus  permanent  deformation), 
without  significant  additional  deformation  (and  energy  dissipation)  between 
the  end  of  the  loading  period  and  beginning  of  unloading,  is  characteristic 
of  elastic-plastic  behavior.  The  permanent  deformation  and  accompanying 
energy  dissipation  is  considered  the  result  of  plastic  straining.  Thus, 
this  ideal  elastic-plastic  response  is  a  rate-insensitive  energy  dissi¬ 
pation  phenomenon  which  leads  to  permanent  deformation  and/or  residual 
internal  stresses.  It  is  convenient  and  mostly  correct  to  think  of 
plasticity  as  dissipation  of  mechanical  energy  through  solid  friction. 

Idea 1 if  d  linearly  elastic-plastic  behavior  often  is  characterized  in  one 
dimension  by  a  friction  block  in  combination  with  a  set  of  springs.  At 
loads  below  seme  limit,  load  strain  response  is  in  accord  with  all 
elastic  springs.  After  the  frictional  resistance  is  overcome,  strain  is 
not  retarded  by  all  the  springs  unless  the  load  again  drops  below  the 
friction  force.  This  represents  work  hardening.  Perfectly  plastic 
behavior  is  represented  by  one  spring  and  block  in  series. 

Rate -dependent  dissipation  of  mechanical  energy,  usually  characterized  as 
viscous  or  quasi-viscous  flow  of  material,  is  considered  to  define  visco¬ 
elastic  effects.  Continued  deformation  of  a  material  after  a  loading 
period  is  completed  and  constant  stress  is  sustained,  particularly  in 
evidence  ia  materials  operating  at  comparatively  high  temperatures,  is 
knowu  as  creep.  Reduction  of  stress  with  time  from  an  initial  stress 
level  while  maintaining  a  constant  deformation  is  known  as  relaxation. 
Removal  of  a  load  from  a  material  to  which  it  has  been  applied  for  a 
period  of  time  is  often  followed  by  a  time-dependent  reversal  of  strain, 
known  as  recovery.  These  are  all  visco-elastic  phenomena.  Idealized 
linearly,  visco-elastic  behavior  is  usually  pictured  as  a  set  of  elastic 
springs  and  viscous  dashpots  in  series  or  parallel,  characteristic  of 
energy  dissipation  through  flo*.  Like  plastic  behavior,  visco-elastic 
behavior  can  lead  to  residual  stresses  or  deformations  in  a  material  at 
some  time  after  completion  of  its  external  loading  history. 

Although  these  anelastic  phenomena  occur  ir.  single  firing  nozzles,  their 
treatment  is  usually  not  undertaken  in  depth.  The  most  common  treatment 
is  to  incorporate  modified  moduli  into  the  elastic  analysis  and  iterate 
the  resulting  inhomogeneous  problem  until  a  compatible  solution  is  obtained. 
Only  the  loading  phase  is  important  in  this  case.  However,  for  a  restart 
nozzle  the  problem  takes  on  added  importance,  since,  as  pointed  out  above, 
the  permanent  deformations  which  occur  result  in  residual  stresses  and 
strains  which  have  significance  in  both  the  subsequent  unloading  and 
loading  portions  of  the  duty  cycle. 
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c *  c~ Direction  Permanent  Deformation  in  Pyrolytic  Graphite  (Elenhant 1 s 
Footing) .  It  is  known  that  pyrolytic  grephite,  whea  heated  to  high 
temperature,  undergoes  a  permanent  contraction  in  the  c-direction  accom¬ 
panied  by  a  permanent  extension  in  the  a-b  plane.  This  is  a  time- 
temperature  dependent  phenomenon,  and  the  degree  is  Influenced  by  the 
characteristics  of  the  material.  Contractions  up  to  approximately 
14  percent  and  extensions  of  about  5  percert  are  possible.  He  acceleration 
of  this  phenomenon  with  load  has  been  investigated  in  this  program  in  the 
material  studies,  Section  4. 

In  an  edge-grain  or  washer  configuration,  che  hotter  inner  regions  of  the 
pyrolytic  graphite  plates  will  thermally  expand  in  the  c-direction  to  a 
greater  degree  than  the  cooler  outer  material.  In  section,  these  plates 
take  ou  the  appearauce  of  an  elephant's  foot,  as  shown  in  Figure  3-la. 

These  hotter  inner  regions  will  thus  be  in  contact  and  carry  the  axial 
pressure  loads  over  a  relatively  narrow  annuluj  with  the  result  that 
locally  high  contact  stresses  are  produced.  Riese  high-contact  stresses 
acting  in  the  hot  material  can  cause  c-direction  permanent  deformation. 

When  the  material  cools,  gapping  between  the  w<: she"s  results,  as  shown 
In  Figure  3-lb.  This  raises  the  question  of  whether  geometric  integrity 
has  been  lost. 

v. 

This  'Phenomenon  had  been  observed  on  a  previooc  program.  Contract 
AF  04(611) -8?d7.  Figure  3-2  is  a  photograph  o..  a  sectioned  nozzle  where 
thi3  had  occurred. 

3.1.2  PROBLEMS  UNIQUE  TO  RE8TARTABLE  NOZZLES 

This  category  can  be  further  subdivided  into  two  broad  areas.  One  area 
Is  concerned  with  the  effects  of  changed  initial  conditions  and  the  other 
includes  cyclic  and  cumulative  effects.  Both  require  some  or  all  of  the 
prior  history  to  be  known.  Some  of  the  problems  can  be  attacked  by  the 
correct  application  of  analyses  developed  for  the  common  problems  discussed 
above,  while  others  require  entirely  different  analyses. 

a.  Thermal  Fatigue.  This  was  defined  as  a  potential  problem  at  the 
outset.  Its  treatment  requires  *-hat  the  entire  previous  history  of  the 
nozzle  be  known.  Thermal  fatigue  is  the  development  of  xatig  te  fracture 
surfaces  resulting  from  repeated  thermal  straining  into  the  anelastic 
range.  It  is  knewn  that  nozzle  materials  become  hot  enough  (assuming 
firing  times  of  several  seconds  or  greater)  and  s  tresses  become  great 
enough  that  anelastic  deformation's  occur.  Repeated  application  could 
lead  to  fracture  of  the  nozzle  material.  The  dearth  of  corroborated 
theory  and  the  paucity  of  data  on  the  uatsrlais  under  consideration  made 
this  one  of  the  more  difficult  problems  to  assess. 
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(*)  PG  HASHER  CONFIGimATIGN  CARRYING  AX  I  A'.  LEADS  DURING 
INTERNAL  HEATING 


(b)  C -DIRECTION  PERMANENT  DEFORMATION  RESULTING  IN  GAPPING 
BETWEEN  COOLED  HASHERS. 
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FIGURE  3-1.  PYROLYTIC  GRAPHITE  PLATES  SHOWN  IN  SECTION 
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Figure  3-2.  ELEPHANT'S  Fv'OTINv  IN  .  ZZLE  FIRED  UNDER 
CON  RACT  NO.  AF  04(611)  3387 


b.  Change  of  Material  Characteristics.  Examples  of  material 
characterlatica  changes  are,  according  to  material: 

Tungsten 

•  Recryst all last ion 

•  Grain  growth 

•  Carbon  diffusion 

Pyrolytic  Graphite 

•  Structural  transf onset ion 

Reinforced  Plastics 

•  Char  layer  fomation 

The  net  implication  from  the  structural  viewpoint  is  that,  in  effect,  a 
new  material  exists.  Elastic  constants  and  other  quantities  nay  be 
altered.  Recrystallised  tungsten  displays  a  change  in  strength  and  a 
change  in  brittle-ductile  transition  temperature.  Annealed  pyrolytic 
graphite  has  different  moduli,  thermal  expansion  coefficients,  and  strengths 
than  the  virgin  material. 

Analyses  which  apply  to  the  problems  common  to  single-firing  end 
restartable  nossles  can  be  applied  to  nossles  which  have  undergone  these 
changes  of  material  characteristics  provided  that  the  resulting  material 
properties  ere  known  end  that  deformations  accompanying  the  changes  ere 
known. 

The  effects  on  the  structure  of  partisl  changes  or  of  changes  which  have 
occurred  only  in  e  portion  of  the  nossle  material  present  problems  of  a 
more  complex  nature.  It  is  necessary  not  only  to  be  able  to  estimate 
theee  partial  changes,  but  also  tc  know  the  degree  of  property  change 
which  accompanies  them. 

c.  Problems  Caused  b?  Unique  Loading  Effects.  In  e  single-firing 
nossle,  the  initial  conditions  ere  usually  taken  to  be  e  uniform  ambient 
temperature  (end  therefore  no  thermal  stresses)  end  no  other  initial 
stresses.  However,  In  e  r* star table  nossle,  e  restart  can  presumably 
occur  at  various  stages  of  cool-down  with  attendant  nonsero  structural 
iesponses.  Thus,  the  structure  in  not  initially  in  s  stress-free  or 
strain-free  sta.a. 

If  structural  components  undergo  permanent  deformation  or  other  changes  in 
geomstry,  they  may  shrink  aray  from  adjacent  components.  This  Loss  of 
contact  will  alter  the  restraint  provided  by  the  constraining  structure, 
and  this  structure  will  not  provide  e  load  until  sufficient  redial 
d« format ion  has  occurred  to  bring  the  components  into  contact  again. 
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3.1.3  PROBLEM  REASSESSMENT  AND  ANALYTICAL  SUMMARY 


The  results  of  the  test  phases  of  the  prograa  required  a  critical 
reassessment  of  the  problems  defined  in  the  preceding  paragraph.  Son 
problems  which  had  been  defined  were  not  observed  in  the  firings.  Others 
which  had  not  been  defined  were  observed. 

The  following  phenomena  were  not  observed  in  the  test  program: 

•  Tensile  fractures  in  pyrolytic  graphite.  his 
problem  had  been  analysed,  and  the  results  ind  cated 
that  it  would  be  virtually  impossible  to  produc 

such  fractures.  It  is  thus  felt  that  no  m  tr  ,rob® 
could  exist. 

•  Elephant's  footing  in  pyrolytic  graphite.  A. 
discussed  in  Paragraph  3.1.1c,  this  phenonenor  hud  been 
observed  In  a  previous  program.  However,  It  w«  t  now 
observed  in  any  of  toe  test  nossles  o  this  pro  *am. 
Laboratory  studies  (Section  4)  were  coiducte  to  define 
the  time- temperature ‘load  dependence  of  this  affect. 
Structural  analyses  were  developed  to  predict  the 
phenomenon.  Its  occurrence  in  the  Demoustrati<  Test 
cossle  was  predicted,  but  the  phenomenon  failed  to 
materialise.  As  a  consequence,  its  iuport&n.e  as  a 
problem  la  not  completely  well  defined. 

•  Thermal  fatigue.  The  experimental  data  which  are 
available  for  the  material*  of  interest  indicate 
that  thermal  fatigue  should  not  be  s  problem  in 
restartable  nossles.  No  thermal  fatigue  was  observed 
in  any  of  the  nossle  tests.  Even  though  these  indica¬ 
tions  are  quite  favorable,  there  is  still  lacking  that 
degree  of  precision  necessary  to  dismiss  this  problem 
entirely. 

•  Spallation  in  tungsten.  That  spall *t-_oc  can  occur  in 
tungsten  inserts  is  not  certain.  The  co^ressive 
behavior  of  tungsten  Is  not  well  defined.  Ia  tungsten 
Inserts,  the  compressive  stress  on  the  inner  surface 
builds  up  rapidly,  but  to  does  the  temperature.  By  the 
time  the  stresses  have  reached  a  magnitude  equivalent 

to  the  brittle  tensile  strength,  the  temperature  may  have 
exceeded  the  ductile  brittle  transition  temperature. 

So  the  question  of  spallation  may  be  of  only  academic 
Interest  for  tungsten  inserts. 
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e  Sp  nation  In  reinforced  plastic*.  Thla  to  more 

coimsonly  termed  "chunking."  Ho  analysis  was  performed 
lc  this  area.  Although  it  was  not  observed  in  any  of 
the  tests,  it  is  still  felt  to  be  an  tapor i ant  problem 
until  sufficient  data  are  generated  to  the  contrary. 

The  following  phenomena  were  observed  in  the  test  program: 

•  l.aaile  fractures  in  tungsten.  This  problem  was 
analysed,  and  good  correlation  was  obtained  with 
analytical  predictions. 

•  Anelast-c  deformation  of  tungsten.  Analysis  was 
developed  for  predicting  this  phenomenon.  However, 
it  appears  that  factors  other  than  purely  plastic 
deformation  are  involved  and  tungsten  shrinkage  is 
now  fully  understood. 

•  Spallation  in  pyrolytic  graphite.  Surface  chunking 
was  observed  in  some  of  the  teats.  Although  there 
is  seme  correlation  with  analytical  results,  the 
definition  oi  illation  in  pyrolytic  graphite  needs 
to  be  established  in  the  materials  laboratory. 

•  Suckling  of  annealed  pyrolytic  graphite.  No 
instability  analyses  were  performed  for  any  of  the 
materials  used  in  the  program.  The  buckling  of 
annealed  pyrolytic  graphite  was  observed  in  the 
tests  and  was  defined  as  a  problem  as  a  result  of 
these  observations. 

Although  polycrystalline  graphite  was  initially  a  primary  material  to  be 
investigated,  it  was  eliminated  from  further  consideration  after  the  first 
two  rocket  motor  tests.  Since  analytical  work  hed  been  performed  on  this 
material  prior  to  this  elimination,  the  analytical  work  is  included  even 
though  no  emphasis  is  placed  on  it  later  in  this  report. 

3.2  ELASTIC  ANALYSIS 

The  development  of  fracture  surfaces  from  the  hack  wall  tensile  response 
and  spallation  resulting  from  inner  surface  compressive  stresses  were 
investigated  in  this  analysis.  A  simplified  analytical  method  was  developed 
for  throe*  'naerta,  treating  them  as  hollow  cylinders.  A  computer  program 
was  developed  for  the  analysis  of  conical  sections;  however,  convergence  of 
the  program  to  a  solution  was  not  obt‘  load;  as  s  result,  no  analysis  was 
performed  for  these  sections. 


3-10 


3.2.1  THERMOELASTIC  RESPONSE  OF  THICK-WALLED  CYLINDERS 


The  analysis  of  the  theriroeiastic  response  of  thick-walled  cylinders  was 
attacked  in  c  reverse  manner.  Instead  of  obtaining  the  structural 
response  from  a  given  loading  and  comparing  this  response  to  some  allowable, 
the  allowable  responses  ^>re  used  to  specify  the  loadings  which  can  be 
tolerated.  "These  loadings  are  then  used  to  «pecify  limits  on  the  geometry 
of  the  insert  or  the  firing  duration. 

A  simple  analytical  technique  wee  desired.  This  approach  was  iimite-*  to 
the  throat  region,  which  Is  considered  to  be  e  hollow  cylinder  for  r>urpo8«:a 
of  this  study,  and  was  applied  only  to  the  elastic  response. 

Since  the  reel  problem  involves  a  temperature  range  in  which  matari'l 
properties  vary,  this  variation  should  be  considered  in  order  to  make  the 
analysis  most  meaningful.  Hocver,  in  order  not  to  coraplicat  matters, 
the  analysis  was  simplified  by  considering  constant  properties  The~e  con¬ 
stant  properties  were  chosen  as  the  most  useful  and  meaningful  ilues 
corresponding  to  nominal  responses  of  the  material-  considered.  To 
further  simplify,  temperature  and  space  were  norma: Lzew  so  that  the  si. ape 
of  the  loading  (temperature)  distribution  would  become  apparent. 

The  materials  which  are  candidates  for  the  throat  region  are  brittle  over 
some  portion  of  their  operating  temperature  range.  The  that  are  brittle 
when  the  limiting  stress  is  reached  can  fell  purely  bee..  :e  of  the  elastic 
response.  >*or  a  cylinder  heated  at  the  inner  surface,  the  critical 
responses  will  be  tension  on  the  outer  surface  and  expression  on  the 
inner  surfae.  The  tensile  stresses  can  result  in  Lut  d  velopment  of 
fracture  surfaces,  while  the  compressive  stresses  can  ce  ise  spallation. 
Spallat'?n  ha*  been  defined  as  resulting  from  shear  cresses  acting 
obliquely  to  the  normal  compression  stress.  *-# r  maximum  shear  stresses 
acting  at  4*  degrees  to  the  compressive  stress,  the  .near  stresses  will  be 
half  the  magnitude  of  the  compressive  stress.  Sinca  for  brittle  materials 
the  she..'  strength  can  be  taken  as  half  the  cc-ipressivt  strengin,  the 
compressive  stres*  may  be  taken  as  the  critical  stress. 

e.  initial  structural  development.  The  approach  is  applied  to  an 
isotropic,  hooregeneous ,  cons tan  -property  matf  ’a!  in  the  shape  of  a 
t.ollou  cylinder  which  is  considered  tc  be  initially  stress  free.  Temperature, 
pressure  and  restraint  provide  the  loading  mechanisms. 

The  bars  side  (tens!!  ■  1  axial  auJ  circumferential  themal  stresses  of  a 
long  hollaw  cylinder  are  equal  and  are  given  by  the  expression 
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where 


0  *  stress 

E  *  modulus  of  elasticity 
a  ■  coefficient  of  thermal  expansion 
V  a  Poisson's  ratio 
r  »  radial  coordinate 
a  ■  inner  radius 
b  »  outer  radius 


T  *  temperature 

back  wall  temperature 

And  the  flame  front  side  compressive  axial  and  circ’tmferential  stress  are 
equal  and  are  given  by  the  expression 

■■^[7^7  £  irdr-T.] 

wivre 
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Equations  (3.1)  and  (3.2)  may  be  rewritten 
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for  the  back  side  and  front  side  stresses,  respectively.  These  stresses 
are  for  long  hollow  cylinders. 


The  temperature  distribution  can  be  completely  described  by  the  temperature 
difference  1  -  and  the  shape  of  the  distribution.  Since  the  cylinder 

is  being  heated  internally,  the  temperature  must  be  a  nonotonically 
decreasing  function  and  everywhere  have  a  non-negative  curvature.  It  is 
simple  to  specify  polynominal  distributions  which  satisfy  these  require¬ 
ments,  Further,  it  can  be  shown  that  the  stress  response  to  a  given 
temperature  distribution  is  bounded  by  the  stress  responses  of  the  bound¬ 
ing  temperatures.  Thus  stress  responses  to  temperatures  of  the  form 

0  --=  (1  -  (j)n  ;  n  >  1 


can  be  used  to  bound  the  responses  of  intermediate  distributions.  It  is 
found  that  actual  temperature  distributions  in  nozzle  inserts  approximate 
these  distributions  quite  well.  The  main  discrepancy  occurs  near  the 
outer  ludius,  where  the  area  under  the  curve  is  quite  small.  The  error 
in  the  the’*  ?al  stresses  which  results  is  °lso  quite  small.  The  functions 
fn(5)  frJ.  -emperaSUnes  of  this  form  may  be  easily  evaluated: 


f  = 
n 


ti*  +  3n  +  2 


n  \ 


(3.5) 


These  functions  are  plotted  in  Figure  3-3. 


In  real  cases  it  is  found  that  the  maximum  thermal  'tresses  occur  very 
near  the  time  when  the  temperature  difference  T  -  is  at  a  maximum. 

For  this  simplified  analysis,  it  w?s  assumed  that  thb  two  occur  simul¬ 
taneously,  At  this  point  in  the  analysts,  the  dimensionless  temperature  0 
is  essentially  abandoned  and  another  normalized  ,’mperature  is  defined: 


where 


T 

g 


=  gas  stream  recovery  temperature 


Tq  *  uniform  initial  tempt  •  .. .... e 
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FIGURE  3-3.  COUPLING  OF  TEMPERATURE  SHAPE  AND  GEOMETRY  IN  THE 
STRESS  RESPONSE  OF  A  HOLLOW  CYLINDER 
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The  teiperattirc  difference  between, faces  of  the  cylinder  is  then 


If  an  allowable  stress  is  determined,  then  an  allowable  temperature 
difference  can  be  defined  as  the  limiting  loading  'unction.  Thus 


°all 
E  a  (T 


(1  -V) 


-  T  )f 
g  c  n 


(3.6) 


or 


"all  (1  'V) 


Ea  (T 


g 


T  )  (f  -1) 
o'  n 


for  back  side  and  front  side  responses,  respectively. 


(3.7) 


The  thermal  development  was  involved  in  determining  the  A 0  which  could 
be  attained,  thus  giving  a  quantity  for  comparison  with  the  A^j^  defined 
above.  The  thermal  development,  as  well  as  the  combination  of  the  thermal 
stid  structural  analyses.  Involved  quite  a  bit  of  graphical  work.  These 
procedures  are  discussed  in  the  paragraphs  following. 


b.  Simplified  Thermal  Development.  The  thermal  portion  of  this 
analysis  was  conducted  using  the  published  results  of  Hatch,  et  al.^"^ 
atid  of  Desmon  and  Avis.  "  These  authors  presented  data  showing  the  results 
of  thermal  response  of  a  thick-walled  cylinder  to  inside  heating  with  the 
exterior  surface  of  the  cylinder  insulated.  These  results  are  presented 
in  nondimens ional  form  incorporating  parameters  of  nondimens ional  time, 
which  is  the  Fourier  Modulus,  and  nondi mens ional  heat  transfer  parameter, 
which  is  the  Blot  Modulus.  These  data  were  plotted  and  cross-plotted  for 
application  to  the  present  analysis.  Results  are  predicated  on  obtaining 
a  maximum  attainable  temperature  differential  and  comparing  this  temperature 
differential  with  the  maximum  allowable  temperature  differential. 


The  assumption  of  the  insulated  back  wall  is  valid  if  the  back  wall  thermal 
gradient  is  quite  small  when  the  maximum  temperature  difference  occurs. 

This  will,  of  course,  be  satisfied  if  the  thermal  response  of  the  back  wall 
is  small  at  this  time. 


In  generating  parameters  for  use  in  the  application  of  the  published 
thermal  data  to  the  current  analysis,  the  dimensional  heat  transfer 
coefficient  was  evaluated  by  the  simplified  Bartz  equation  which  is 
presented  as  Equation  (7)  in  Paragraph  8.2.1.  The  dimensionless  heat  trans¬ 
fer  parameter,  H,  and  the  dimensionless  time,  T,  are  defined  with  respect  to 
the  cylinder  inner  radius. 
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A  plot  compiled  from  the  Hatch  data  showing  the  flame  side  surface 
temperature  rise  as  a  function  of  H  and  T  is  shown  in  Figure  3-4.  This 
figure  is  used  in  the  analysis  to  plot  the  heat  transfer  parameter  H  as  a 
function  of  the  surface  temperature,  independent  of  /3,  in  order  that  H  can 
be  found  as  a  function  of  nondimensional  time. 

The  nondimensional  temperature  differential A0  and  the  corresponding 
nondimensional  time  were  taken  from  the  Hatch  data  for  various  values  of 
H  and  The  maximum  value  of  at  the  corresponding  T  and  H  were 
recorded  for  the  various  0  ratios.  Figure  3-3  is  the  resulting  nondimensional 
cross  plot.  This  figure  illustrates  the  change  in  the  temperature  differ¬ 
ential  across  the  wall  of  hollow  cylinders  of  various  thickness  ratios  up  to 
the  time  when  the  maximum  temperature  differential  occurs.  Note  that 
for  times  up  to  just  prior  to  the  attainment  of  the  maximum  temperature 
difference  through  the  wall,  these  curves  are  independent  of  the  thick¬ 
ness  ratio.  The  straight  portion  of  the  curve  indicates  that  the  outside 
surface  temperature  has  not  yet  responded  to  the  heating  and  that  the 
inside  surface  temperature  is,  during  this  period,  independent  of  the 
wall  thickness.  Thermally,  during  this  time  the  body  behaves  as  though 
it  were  an  infinitely  thick  hollow  cylinder. 

A  certain  relaxation  of  the  assumption  of  constant  properties  was  made 
in  this  thermal  analysis.  The  mean  specific  heat,  "c,  the  mean  conduc¬ 
tivity,  k,  and  the  mean  heat  transfer  coefficient,  h,  were  used.  These 
quantities  were  obtained  by  integrating  between  temperature  limits  and 
averaging  with  respect  to  the  temperature  range.  The  mean  heat  transfer 
coefficient  is  shown  in  Figure  3-6  as  a  function  of  wall  temperature  and 
the  product  P£D*.  This  graph  was  generated  using  the  simplified  Bartz 
equation.  It  applies  to  the  propellent  under  consideration  within  this 
study,  CYI-75.  The  thermal  conductivity,  k,  and  mean  thermal  conductivity, 

It,  of  tungsten  and  ATJ  graphite  are  shown  in  Figure  3-7  as  a  function  of 
temperature.  The  value  of  k  corresponding  to  the  flame  side  surface 
temperature  was  used  for  subsequent  calculations. 

The  term  f  is  a  component  of  the  thermal  loading  and  is  expressible  in 
terms  ofjSand  the  temperature  distribution  parameter  n.  Recall  that  the 
temperature  distribution  parameter,  n,  reflects  the  shape  of  the  tempera¬ 
ture  distribution.  The  parameter  n,  for  a  given  f$  ratio,  is  dependent 
only  on  the  nondimensional  time.  The  quantity  n  is  shown  in  Figuie  3-8 
as  a  function  of  nondimensional  time  for  given  ratios  of  .  This  figure 
was  generated  by  using  a  best  fit  polynomial  to  express  the  shape  of  the 
temperature  distribution.  Combining  Figures  3-3  and  3-8  results  in 
Figure  3-9.  This  figure  depicts  the  loading  parameter  fn  as  a  function 
of  nondimensional  time  for  various  ratios  of  . 
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S IGURE  3-5.  TEMPERA 1 URE  DIFFERENCE  ACROSS  INSERT  WALL 


FIGURE  3-6.  NOZZLE  THROAT  K£AT  TRANSFER  PARAMETER 
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FIGURE  3-8.  TEMPERATURE  DISTRIBUTION  EXPONENT 
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At  this  point,  the  thermal  development  is  essentially  complete.  All  that 
remains  is  ;o  establish  the  retainable  A#.  In  order  to  accompiirh  this, 
the  data  of  Figure  3-5  are  combined  with  the  heat  transfer  parameter  (as 
ref.ected  by  PCD*)  of  Figure  3*4  and  conductivity  date  of  Figure  3-?. 

The  resulting  graphs  show  the  actair able  nondimens renal  temperature  dif¬ 
ference  as  a  function  of  nondimensional  time.  Graphs  of  the  attainable 
A#  are  not  shown  at  this  point  but  will  be  presented  later  with  the 
allowable  temperature  difference  superimposed. 

With  the  function  fn  determined,  as  shown  in  Figure  3-9,  an  allowable 
may  be  established  from  Equations  (3.6)  and  (3.7)  for  the  simplest  cases 
of  thermal  lotting.  Othei  important  considerations  not  reflected  in 
these  equations  arc  those  of  pressure,  restraint,  and  clearance,  and. 
whether  the  cylinder  is  ahort  or  long.  These  factors  will  be  discussed 
prior  to  the  cotyledon  of  tha  structural  development. 

e.  Short  Cylinders  and  Long  Cylinders.  For  long  cylinder?,  the  usual 
assumption  is  that  plane  strain  prevails.  In  this  case,  for  isotropic 
materials  with  constant  properties,  the  hoop  end  axial  thermal  stresses  are 
e?ual  on  both  radial  boundaries.  On  the  inner  surface  these  stresses  are 
both  compressive  for  internal  heating.  And  on  the  outei  surface  they  are 
both  tensile.  Providing  restraint  to  radial  thermal  extension  effectively 
superimposes  a  compressive  stress  upon  the  hoop  thermal  stresses  while,  to 
a  first-order  approximation,  it  does  not  affect  the  axial  stresses.  Thus, 
for  the  long  cylinder,  the  axial  stress  will  t>‘  rays  represent  the  maximum 
back  side  struts  while  at  the  inner  surface  the  hoop  stress  will  almost 
always  have  the  greater  magnitude.  (Whether  the  hoop  or  axial  stress  has  the 
greater  magnitude  at  the  inner  surface  depends  on  the  ativc  influences  of 
the  Internal  pressure  and  the  bed.  side  restraint.) 

For  short  cylinders,  Che  condition  of  plane  stre.  »  is  usually  assumed. 

Axia'  streets  are  neglected  and  the  axial  stress  is  assumed  to  vanish. 
Equations  (3.3)  and  (3.4)  give  the  inner  and  outer  hoop  t'orsuil  sirei^es 
for  sh<-rt  cylinders  if  v  is  set  eiual  to  zero.  In  -he  care  o£  short 
cylinder*,  the  hoop  stress  is  always  critical  at  boJ  the  inner  and  >uttr 
surfaces  whether  back  side  restraint  exists  or  not, 

Iks*  short  is  short?  Cylinders  which  ,«y  be  j coper ly  identified  as  washers 
or  disks  ere  certainly  short,  and  for  ail  practical  purposes  the  axial 
stresses  do  vanish.  But  as  disks  are  allowed  to  lengthen  there  is  no 
critical  length  at  vhlUi  the  sxial  stresses  suddenly  jump  from  zero  to 
their  long  cylinder  values.  Wo,  as  leegrh  increases  so  the  axial  stresses 
build  up.  Below  a  certain  length,  these  uxial  stresses  can  usually  be 
safely  neglected  in  relation  to  the  hoop  stresses,  and  the  axUi  effects 
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which  account  for  an  increase  in  the  hoop  stresses  (through  the  factor 
1/t-V  )  can  also  be  neglected.  Although  this  length  is  not  precisely 
defined,  it  iws  been  found  that  a  cylinder  can  usually  he  considered 
short  i* 

Xb&f-  (3.8) 


where  l  in  the  length  and  X  is  the  f«~*'liar  quantity  defined  by 


X* 


3  -V  ) 

~rV 


where  R  is  the  mean  rad  1ms  an.  >  is  tl  wall  thickness. 


d.  Influences  of  pressure.  Restraint,  and  Clearance.  Still  assuming 
a  hollow  cylinder,  whether  short  or  long,  if  an  internal  f-essure  pa  and 
an  external  pressure  pj,  nre  acting,  th_  hoc,.  stresses  which  result  on  the 
boundaries  are  given  below. 


At  the  inner  boundary 


At  the  outer  boundary 

V  2p‘ 


**- 1 


%  -  *  «2 


P2+  l 


-  1 


Pv 


(3.9) 
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To  a  first-order  approximation,  these  pressures  do  not  influence  the  axial 
stresses.  For  p>rpo  es  of  this  analysis,  the  radial  stresses  are  of  them- 
aeivea  relatively  unimportant,  but  their  influence  on  the  radial  displacement 
is  important;  both  will  be  included  in  the  analysis. 
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The  internal  pr-ssure  acting  is,  for  a  throat  insert,  due  to  the  exhaust 
gases.  For  simplicity,  this  pressure  may  be  taken  as  approximately  10  per¬ 
cent  of  the  chamber  pressure  and  may  be  considered  t  be  uniform  over  the 
length  of  the  insert . 

Th*  external  pressure  acting  is  not  so  easy  to  determine,  it  is  usually 
not  a  gas  pressure.  (If  it  were,  it  would  be  close  to  th>_  internal  pressure, 
and  the  pressure  effects  would  become  insignificant.)  Rather,  it  is  caused 
by  restraint  to  radial  expansion  of  the  insert.  The  magnitude  of  the  ex¬ 
ternal  pressure,  pj,.  is  difficult  to  estimate.  It  is  influenced  by  thr».e 
factors: 

(1)  Initial  back  side  clearance  (between  insert  and 
backup  material).  A  small  gap  can  have  a  tre¬ 
mendous  influence  not  only  on  the  magnitude  of 

but  also  on  the  time  when  pj>  occurs. 

(2)  Relative  rigidities  of  the  insert  and  backup 
structure.  These  rigidities  include  both  the 
thicknesses  and  the  moduli  of  the  two  structures 

(3)  The  bearing  strength  or  crushing  characteristics 
of  the  insert  or  the  backup  structure  (whichever 
is  more  likely  to  crush). 

It  is  evident  that  total  restraint  to  radial  expansion  cannot  be  srovidea 
by  the  backup  structure  -  a  tremendous  pressure  (in  some  cases  of  the  orcle. 
of  several  tens  of  thousands  of  pounds  per  square  inch)  is  requir  d  for 
most  :r.serts. 

The  radial  displacements  at  the  outer  surface  of  the  insert  due  tc  thermal 
effects  internal  pressure,  and  external  .sure  are,  respective!/, 


u.,  -  ab  f(T  -  T.  )  (f  -  1)  +  T  -  T  1 

th  [_  a  b  n  a  ol 

__2b_ 

Pa  E(j82-1) 


(3.13) 

(3.14) 


These  displacements  apply  to  both  long  and  short  cylinders.  If  tints 
should  be  an  initial  gap,  u  , ,  between  the  insert  and  backup  struct  ire,  this 
gap  can,,  for  purposes  of  analysis,  be  subtracted  from  the  thermal  di iplacerei  t . 


s 
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Good  design  practices  usually  provide  a  gap  between  pyrolytic  graphite 
washers  and  the  backup  structure,  while  they  provide  a  tight  back  side  fit 
for  tungsten  and  polycrystalline  graphite  inserts.  These  fits,  as  well  as 
the  backup  material,  Influence  not  only  the  magnitude  of  the  back  side 
pressure  developed  but  also  the  time  at  which  this  pressure  is  developed. 

Polycrystalline  graphite  inserts  are  fitted  into  material  which  has  nearly 
the  same  modulus  of  elasticity  as  the  insert  itself.  Thus,  before  the 
backup  material  has  heated  appreciably  (or  a  char  has  formed),  the  insert 
and  backup  material  act  almost  as  a  continuous  elastic  body.  The  pressure, 
pj.,  developed  is  of  the  order  of  an  internal  radial  stress  for  an  equiv¬ 
alent  single  elastic  body.  These  stresses  would  be  of  the  order  of  1000  to 
2000  pounds  per  square  inch. 

Tungsten  inserts,  on  the  other  hand,  are  fitted  into  material  which  has 
less  than  5  percent  of  the  tungsten  modulus.  Thus,  tungsten  is  more 
capable  of  forcing  its  radial  displacement  upon  the  backup  material,  and 
back  side  pressures  in  the  range  of  5,000  to  10,000  psi  can  be  developed. 

These  back  side  pressures  are  only  a  fraction  of  those  required  for  total 
restraint  to  expansion.  The  geometries  of  the  insert  and  the  complete 
backup  structure  influence  the  magnitude  of  the  pressures  developed. 


The  magnitude  of  the  restraint  pressure,  P{j,  may  be  estimated  by  considering 
the  insert  and  the  backup  structure  to  be  concentric  cylinders  with  inter¬ 
face  pressures  and  displacements  matched.  Then 


E1B 

'2 

(  2  p 

/  a 

+  -  V  <£„  - 

1)  +  <Tt  -  To)J 

pb  -  E2K^ 
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1 
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where  the  subscripts  1  and  2  refer  to  the  insert  and  backup,  respectively. 


+  1 


e2 


-  V, 


2  _i_  J 

c  +  b  +  V 

2,2  2 

c  -  b 


c  =  outer  radius  of  the  backup  cylinder. 
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In  order  for  pj,  to  exist,  It  must  be  positive,  which  means  that  the  quantity 
in  the  braces  must  be  positive.  For  total  restraint,  the  factor  outside 
the  braces  becomes  Ei/Ki  (&2  becomes  infinitely  large).  For  no  restraint, 
this  factor  vanishes. 

The  Poisson's  ratios  appearing  in  the  definitions  of  the  K's  represent  the 
influence  of  the  radial  stress  on  the  radial  displacement.  K2  will,  in 
general,  be  greater  than  K^,  and  in  the  range  of  about  twice  K^.  If 
and  E2  are  approximately  equal  (which  is  true  for  polycrystalline  inserts), 
Chen 


E2K1  +  V2  Kl  1 

or  less  than  50  percent  restraint  is  supplied.  But  if  Ej>>E2>  which  is 
true  for  tungsten  inserts, 


E2K1  +  E1K2 


and  since 


the  restraint  is  very  slight. 

If  Ei  =  2  E£,  which  is  approximately  true  for  pyrolytic  graphite  inserts, 
then 


\ 


It  1*  recommended  that,  for  simplified  and  approximate  analyses,  the  factor 
J  be  taken  as  approximately 

1/3  for  polycrystalline  graphite  inserts 

1/5  foi  pyrolytic  graphite  washer  inserts 

1/50  for  tungsten  inserts 

It  Is  further  recommended  that  polycrystAlline  graphite  and  tungsten  in¬ 
serts  be  designed  with  an  intimate  fit  between  the  insert  and  the  backup 
structure  so  that  ug  vanishes,  and  that  pyrolytic  graphite  washer  inserts 

be  designed  with  a  radial  gap  behind  the  insert  u_/b  of  about  0.002, 

© 

The  back  side  restraint  is  important  in  long  cylinders  only  for  the  front 
side  compressive  hoop  stress.  The  magnitude  of  this  hoop  stress  is  in¬ 
creased  by  while  the  axial  stress  is  not  influenced.  The  axial  back 
side  tensile  stress  is  not  affected  by  £he  external  pressure,  while  the 
back  side  hoop  stress  is  decreased  by  it. 

For  short  cylinders,  the  back  side  restraint  is  important  for  both  the  back 
side  and  front  side  hoop  stresses.  These  hoop  stresses  are  the  critical 
stresses  since  the  axial  stresses  are  assumed  to  vanish.  The  back  side 
hoop  stress  is  decreased  by  the  presence  of  p^  while  the  magnitude  of  the 
front  side  hoop  stress  is  increased. 

The  critical  stresses  may  now  be  defined.  For  short  cylinders,  the  hoop 
stress  is  critical  on  both  the  inner  surface  and  the  outer  surface.  At  the 
outer  surface 


V  Ea(VV£„ +  tt;  '  4— 

P  "  1  P 


and  at  the  inner  surface 


\  “  {pt)E+aK-v<vi>  +  <vv] 
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(3.18) 

Subscripts  have  been  dropped  on  E,  K,  and  a  and  the  quantities  are  those  or 
the  insert.  The  restraint  stress  is  active  if  the  quantity  in  the  braces 
is  positive.  In  each  of  these  equations,  the  first  term  on  the  right  is 
the  direct  thermal  stress;  the  second  term  is  the  direct  internal  pressure 
stress;  and  the  third  term  is  the  restraint  stress. 
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For  long  cylinder# ,  the  value  of  the  maximum  stress  on  the  outer  boundary 
i#  always  given  by  the  axial  stress.  For  no  pressure  effects,  tne  axial 
and  hoop  stresses  are  equal  and,  theoretically,  the  insert  could  fail  from 
either  stress.  With  restraint  stresses  acting,  the  hoop  stress  is  reduced 
while  the  axial  stress  is  unaffected.  Thus,  the  magnitude  of  the  maximum 
stress  is  given  by 


EflL- 
1  -v 


b>  <f, 


D 


(3.19) 


On  the  inner  surface,,  if  there  are  no  pressure  effects,  the  hoop  and  axial 
stresses  are  again  equal.  If  restraint  stresses  are  acting,  the  magnitude 
of  the  hoop  stress  is  increased,  while  the  axial  stress  is  not  affected. 
The  hoop  stress  at  the  inner  boundary  is 


V  1$  <W<Vl>  +  ¥7  Pa 

p  “1 


.  £J 
^-1  K 


(3.20) 


where,  again,  the  quantity  in  the  braces  must  be  positive  in  order  for  the 
restraint  stress  to  be  active.  Both  of  these  equations  for  the  long 
cylinder  tacitl}r  assume  that  the  compressive  restraint  hoop  stress  is 
great  enough  to  overpower  the  tensile  stress  caused  by  the  internal 
pressure.  In  actual  cases  involving  practical  nozzle  designs,  this  is  a 
valid  assumption.  By  the  time  the  stresses  have  grown  to  the  point  where 
they  are  approaching  their  maximum  values,  the  restraint  stresses  have 
become  active  and  do,  in  fact,  more  than  overcome  the  internal  pressure 
stresses. 
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e.  SgailM.  ItBBMii  amittMBi'  **  now  remains  to  establish  an 
allowable  temperature  difference  with  eon  •  14a  ret  Iona  from  the  structural 
portion  of  the  ana ly ala  to  compare  to  tha  attainable  temperature 
difference  developed  in  the  thermal  portion  of  the  analytic.  Thia  must  ba 
dona  in  order  to  develop  limita  on  the  ineert  design  or  the  noeele 
operation. 

If  the  atrasaes  defined  by  Equations  <3.17)  through  (3.20)  are  at  their 
allowable  values,  then  the  temperature  differences,  TA  -  Tv,  are  at  their 
allowable  valuta.  Allowable  temperature  differences  may  then  be  defined 
in  terms  of  tha  allowable  stresses. 


For  the  short  cylinder,  at  the  outei  ..uuaary 


And  at  the  inner  boundary 


CT  an  <Al>  -  <Al>  Pa+2  /S2fr_^a_  -!a+a(Tg-To)  #' 
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8  l  Kj  (3.22) 


For  the  long  cylinder,  at  the  outer  boundary 


Ea  (T  -T  )  f 
go  n 


(3.23) 


And  at  the  inner  boundary 
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In  the  two  equations  applicable  to  the  inner  boundaries,  the  allowable 
stress  is  compressive,  so  that  a  ^  used  in  these  equations  must  be  a 
negative  quantity. 

Inclusion  of  the  effects  of  pressure  end  restraint  in  the  equations  ad¬ 
mittedly  makes  them  somewhat  cumbersome.  But  the  stresses  which  result 
can  be  significant  to  the  overall  structural  analysis. 

Not  all  of  theae  equations  are  important  for  all  of  the  insert  materials 
considered  in  this  program.  Inserts  of  pyrolytic  graphite  washers  can  be 
considered  only  as  short  cylinders.  Application  of  Equation  (3.21)  to 
pyrolytic  graphite  washer  inserts  shows  that  it  is  virtually  impossible  for 
outer  radius  tensile  failure  to  be  a  critical  failure  mode.  However,  inner 
radius  compressive  failures  are  shown  to  be  possible  by  Equation  (3.22). 

Tungsten  inserts  can  be  long  or  short  cylinders.  With  this  material,  only 
outer  radius  tensile  failures  are  considered;  therefore,  only  equations 
(3.21)  and  (3.23)  are  important.  Inner  radius  compressive  failures  have 
not  been  defined  for  this  material. 

All  four  equations  are  important  for  ATJ  graphite  inserts.  These  inserts 
may  be  long  or  short  cylinders,  and  both  tensile  and  compressive  failures 
can  occur. 

A  summary  of  the  applicability  of  the  equations  and  the  materials  are 
given  in  Table  3.1. 
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TABLE  3.1 


APPLICATION  OF  LIMITING  EQUATIONS  TO  NOZZLE  INSERT  MATERIALS 


Equation 

Applied  To 

Important  For 

3.21 

Short  cylinder, 
outer  tensile 

ATJ  graphite, 
tungsten 

3.22 

Short  cylinder, 
inner  compressive 

ATJ  graphite, 
pyrolytic  graphite 

3.23 

Long  cylinder, 
outer  tensile 

ATJ  graphite, 
tungsten 

3.24 

Long  cylinder, 
inner  compressive 

ATJ  graphite 

The  additional  material  properties  necessary  for  the  evaluation  of  the 
equations  for  the  allowable  temperature  difference  are  presented  in 
Table  3.2. 


TABLE  3.2 

MATERIAL  PROPERTIES 


Material  v 

Arc  Cast  and  0.3 

Extruded  Tungsten 

Gas  Pressure  0.3 

Bonded  Tungsten 

ATJ  Graphite  0.17 

Pyrolytic  Graphite  -0,2 


agU(Tensile)aall(Comp) 
tpsij _ (psil 


50  x  106  2.2  x  10"6  94,000  (Not  considered) 


31.4  x  106  2.2  x  10-6 

2  x  106  1.85  x  10-6 

3.55  x  106  1.2  x  10“6 


30,100  (Not  considered) 

3.000  -10,800 

15,000  -10,500  and 

-13,000 


The  tensile  strengths  of  the  tungstens  in  Table  3.2  are  the  values  measured 
in  the  laboratory.  The  values  of  E  and  a  used  for  ATJ  graphite  are 
admittedly  slightly  high  but  are  uBed  to  provide  a  margin  in  the  analysis  to 
compensate  for  the  statistical  variation  in  strength  of  this  material.  The 
mean  coefficient  of  thermal  expansion  of  ATJ  is  not  constant  but  will  vary 
between  about  1.3  x  10“6  to  about  2  x  10"6  per  degree  Fahrenheit  over  the 
temperature  range  of  interest.  The  properties  listed  for  pyrolytic  graphite 
are  values  in  the  basal  plane  of  the  material.  The  analysis  derived  for 
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isotropic  material  applies  to  edge-grain-oriented  (washer  configuration) 
pyrolytic  graphite  when  the  axial  Poisson  effect  is  neglected.  A  special 
treatment  was  given  to  the  structural  analysis  of  pyrolytic  graphite 
washers  in  order  that  a  simplified  method  could  be  applied.  This  treat¬ 
ment  is  discussed  later. 

Figure  3-10  shows  one  type  of  design  chart  which  results  from  this  analysis. 
It  involves  Equation  (3.23)  applied  to  ATJ  graphite.  The  data  of  Figure  3-5 
was  combined  with  the  heat  transfer  parameter  of  Figure  3-6  and  the  conduc¬ 
tivity  data  of  Figure  3-7  to  produce  the  attainable  A$  portion  of  tl.'S 
graph.  The  cross  lines  in  Figure  3-10  identified  by  vilues  of  {$  and 
labeled  attainable  A$  show  the  cutcff  of  the  heading  curves  (labeled  P  n*) 
when  they  have  attained  the  maximum  value  of  the  temperature  difference 
between  faces  of  the  insert.  Equation  (3.23)  with  the  properties  listed  in 
Table  3.2  and  values  of  fn  from  Figure  3-9  was  used  to  obtain  the  allowable 
A<j)  values.  The  cross  lines  in  Figure  3-10  identified  by  values  of  £ 
and  labeled  allowable  A$  show  the  maximum  temperature  difference  which 
can  be  tolerated  by  the  insert.  It  will  be  noted  that  a  "fail /safe"  line 
has  been  drawn  depicting  the  intersection  of  the  fj  lines  associated  with 
the  attainable  with  the  fi  lines  of  the  allows'' le  A<J>  .  This 
"fail/safe"  line  depicts  the  limiting  value  of  /3  for  an  insert  or,  for  a 
larger  ,  depicts  the  limit  on  the  firing  duration. 

A  similar  chart  for  tungsten  is  shown  in  7igure  3-11.  This  chart  is  also 
based  on  Equation  (3.23)  and  applies  to  a  long  cylinder  outer  radius  tensile 
limitation. 

It  should  be  noted  that  these  two  charts  are  quite  general  and  can  be 
applied  to  any  insert  design  co  long  as  the  relationship  between  the 
heating  parameter  and  the  inner  wall  temperature  is  as  shown  in  Figure  3-6. 
Heating  parameters  which  are  not  insensitive  to  the  inner  wall  temperature 
Introduce  an  additional  complexity  inti  the  analysis,  but  can  still  be 
included  to  produce  charts  such  as  Figures  3-10  and  3-11. 

Only  a  portion  of  the  PCD*  curves  are  shown  in  Figures  3-10  and  3-11  due  to 
the  limitations  in  the  thermal  data;  however,  tnese  curves,  if  extended, 
will  show  that,  for  large  values  of  ,A$  becomes  asymptotic  to  unity 
as  T  becomes  large  as  suggested  by  the  extension  of  the  PCD***4000  curve. 

If  the  "fail/safe"  line  1b  also  extrapolated  upwards,  it  can  be  seen  that 
there  will  be  some  thickness  ratio  which  can  resist  exceeding  the  allowable 
thermal  stress  at  the  outer  surface  of  the  insert  for  the  entire  range  of 
heating  conditions.  For  tungsten,  the  value  of  this  invulnerable  thickness 
ratio  (£)  is  about  6.  For  ATJ  the  value  is  between  3  and  4. 
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FIGURE  3-10.  THERMAL  STRESS  DESIGN  CHART  FOR  ATJ  GRAPHITE  LONG  CYLINDER 
BACK  SIDE  TENSILE  FAILURE 
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To  illustrate  the  significance  of  the  ’’fail /safe"  line  and  its  extra¬ 
polation,  the  following  example  is  used,,  On  Figure  3-11,  consider  the 
heating  curve  corresponding  tc  PCD*  «  600.  Following  the  curve  for  in¬ 
creasing  time  and  continued  heating,  all  values  of  £  are  safe  up  to  about 
1.35.  Moving  further  up  the  heating  curve,  failure  will  occur  for  /3  values 
between  about  1.35  and  3.  Values  cf  fi  above  about  3  are  again  safe. 
Therefore,  with  continued  heating  on  the  °CD*  *  600  curve,  it  would  be 
undesirable  to  design  the  throat  insert  with  a  thickness  ratio  between 
about  1.35  and  3.  This  region  of  undesirable  thickness  ratios  has  been 
coined  the  stress  ’’window.”  If  an  iu»art  were  designed  with  a  value  of 
fl  between  L.35  and  3  for  the  PCD*  »  600  heating  condition,  the  firing 
duration  should  he  limited  to  a  value  corresponding  tor  *  0.035  in  order 
to  preclude  failure. 

Other  charts  can  be  generated  for  all  of  the  applicable  combinations  of 
equations  and  materials  as  shown  in  Table  3.1.  These  charts  would  be 
similar  to  those  shown  in  Figures  3-10  and  3-11  end  would  include  the 
parameters  associated  with  pressure  a«>d  restraint  (pg,  j,  and  u  ).  By  the 
time  design  charts  were  being  generated  in  the  program,  sufficient  rocket 
metor  testing  had  been  conducted  to  shift  emphasis  away  from  ATJ  and  more 
heavily  toward  pyrolytic  graphite  and  tungsten.  For  this  reason,  a  com¬ 
plete  development  .  solving  all  four  of  Equations  (3.21) ,  (3.22),  (3.23),  and 
(3.24)  for  ATJ  wan  u„,w  accomplished.  Design  charts  were  developed  for  the 
three  conditions  applicable  for  the  other  two  materials. 

The  analysis  of  py . aiytj c  graphite  washers  was  developed  by  the  adoption 
of  a  somewhat  special  technique.  The  thermal  and  mechanical  properties  in 
only  the  a-b  plane  are  involved  in  this  analysis.  In  the  sirapl i ired  method 
which  has  been  developed,  it  is  necessary  to  use  a  constant  thermal  expansion 
coefficient.  The  available  davi  aha.  a  great  deal  of  scatter  but  generally 
indicate  that  tha  coefficient  is  not  constant.  However,  if  the  initial 
temperature  is  taxen  as  10(0°"  instead  of  room  temperature,  a  constant 
expansion  coefficient  do*.,  serve  as  a  goou  approximation.  A  short  computer 
study  was  conducted  in  order  to  evaluate  the  effects  an  temperature  of 
starting  from  initial  temperatures  of  70  and  1000°F.  It  was  found  that  the 
maximum  temperature  differences  across  the  washer  were  quite  comparable  and 
at  the  times  when  these  maximums  existed,  the  temperatures  were  very  close. 
Only  the  times  at  which  these  temperatures  occurred  were  significantly 
different,  and  this  difference  was  only  about  2  seconds  in  9.  Thus  whether 
starting  from  70  o.  1000°F,  approximately  the  same  maximum  and  shape  of 
the  temperature  distribution  could  be  obtained.  This  indicated  that  using 
the  constant  thermal  expansion  coefficient  which  approximates  the  thermal 
expansion  above  1000°r  in  conjunction  with  the  temperature  response  ob¬ 
tained  with  initial  ambient  conditions  of  lf  00°F  vmld  result  in  s  reason¬ 
ably  actumle  structural  analysis.  The  simplified  method  was  applied  using 
a  constant  thermal  expansion  coefficient. 
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Outer  surface  tensile  failures  of  pyrolytic  graphite  washers  wei  investi¬ 
gated  for  throat  diameters  between  5/8  inch  and  5  inches  using  liquat  ion  (3.21) 
and  considering  that  no  back  side  restraint  was  provided.  This  is  the  most 
severe  condition  for  the  outer  radius  response.  For  wall  thicknesses  from 
r  thin  to  even  beyond  what  would  normally  be  considered  reasonable,  no 

failures  could  be  predicted.  The  chart  which  was  constructed  for  this 
analysis  is  not  shown  since  it  shows  no  more  than  is  stated  cbove . 

The  design  chart  generated  for  pyrolytic  graphite  inner  surface  compressive 
response  using  Equation  (3.22)  is  shown  in  Figure  3-12.  This  is  the  same  type 
of  design  chart  shown  previously  with  the  exception  that  internal  pressure, 
excernal  restraint,  and  an  initial  clearance  between  the  insert  and  backup 
structure  have  been  included.  In  this  chart  the  attainable  n<$>  and  <Ji 
cross  lines  are  independent  of  these  additional  factors,  while  the  allowable 
cross  lines  are  directly  dependent  on  them. 

If  the  value  of  Pc  is  fixed,  the  dependence  on  PCD*  is  removed  from  the 
design  charts.  For  a  given  material,  geometrical  limits  of  3  can  be  de¬ 
fined  as  a  function  of  the  cylinder  diameter,  and  another  type  of  design 
chart  emerges.  This  has  been  done  for  pyrolytic  graphite  and  tungsten. 

Fixing  Pc  at  700  psia  results  in  a  more  directly  usable  design  chart  for 
pyrolytic  graphite  shown  as  Figure  3-13.  Five  curves  are  shown  in  this 
graph.  Three  of  these  curves  can  be  considered  as  realistic  design  curves 
which  consider  partial  restraint  (J  =  1/55  and  an  initial  backside  clear¬ 
ance  (u„/b  *  0.002  and  0.001).  These  three  curves  are  plotted  for  two 
strength  values;  the  lower  strength  represents  vendor  data  while  the  higher 
strength  represents  the  data  of  Gobble  and  Salmen  The  two  other 

curves,  3  and  5,  shown  on  the  graph  represent  upper  and  lower  bounds  on 
he  design  for  the  lower  strength  material.  The  lower  curve,  5,  repre¬ 
senting  the  lower  design  bound,  considers  total  restraint  to  radial  dis¬ 
placement  without  including  internal  pressure.  This  is  not  realistically 
attainable  but  represents  the  limit  which  would  be  approached  as  the  backup 
structure  becomes  more  rigid  an'  the  initial  back  side  gap  is  removed.  The 
upper  curve,  3,  is  realistically  more  obtainable  and  represents  the.  upper 
design  bound,  which  is  approached  as  the  back  side  gap  is  increased  and  the 
back  side  restraint  is  removed. 

A  similar  design  chart  for  tungsten  with  Pc  =  700  psia  is  shown  as  Figure  3-14. 
This  figure  is  for  the  long  cylinder  end  therefore  does  not  include  any 
pressure  or  restraint  effects.  Both  as-received  arc  cast  and  extruded 
tungsten  and  gas  pressure  bonded  tungsten,  as  used  in  this  program,  are 
included  in  the  figure.  The  corresponding  tungsten  design  chart  for  short 
cylinders  of  arc  cast  material  is  shown  as  Figure  3-15.  One  of  the  curves 
shown  in  this  figure  considers  J  =  1/50  and  no  initial  radial  clearance 
behind  the  insert.  The  other  curve  considers  no  restraint.  Only  the 
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FIGURE  3-15.  TUNGSTEN  SHORT  CYLINDER  OUTER  SURFACE 
TENS  ILF.  RESPONSE  STRUCTURAL  CHART 
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regions  lying  io  the  right  of  the  corves  are  the  unsafe  design  regions. 

The  tremendous  advantage  that  can  he  gained  by  utilizing  short  cylinders 
(and  thus  avoiding  the  axial  effects)  of  high-strength  tungsten  is  quite 
obvious  from  a  comparison  of  Figures  3-L4  and  3-L5.  in  single-firing 
nozzles,  this  is  an  important  consideration;  however,  in  restartahle  nozzles 
which  suffer  from  strength  degradation  because  of  grain  growth,  most  of  this 
advantage  can  be  lost,  as  wiLL  be  seen  in  Paragraph  3.6. 

An  upper  design  bound  represenring  complete  restraint  is  not  really 
meaningful  for  tungsten;  therefore,  such  a  curve  is  not  shown  in  Figure  3-15. 
An  attempt  was  made  to  define  an  upper  bound  on  the  effects  of  restraint  by 
considering  the  back  side  prescure  to  be  equal,  to  the  bearing  strength  of 
an  ATJ  graphite  backup  structure.  This  bearing  strength  was  taken  as 
8000  psi  and  the  equation  used  is 
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However,  the  Insert  became  so  safe  that  the  design  limits  lay  outside  the 
range  cf  the  heating  parameter  used  in  the  thermal  portion  of  the  analysis. 
A  rough  extrapolation  of  tne  data  seems  to  indicate  that  all  values  of  (3 
are  valid  for  initial  flings  for  throat  diameters  up  to  about  10  inches. 


The  objective  of  this  analysis  has  been  to  establish  &  simplified  method 
or  procedure  by  which  the  important  dzsign  variables  could  De  examined  to 
discover  problem  areas  or  ranges  in  these  variables  over  which  brittle 
elastic  fracture  could  be  a  problem.  These  areas  or  ranges  could  then  be 
verified  or  examined  by  use  of  the  more  expensive  computer  analysis,  there¬ 
by  el  irr.  inating  or  min'tiiizlng  a  costly  computerized  random  approach  to 
finding  problem  areas.  However,  the  extent  to  which  the  random  approach  is 
minimized  depends  on  the  accuracy  of  the  simplified  method.  In  order  to 
obtain  an  indication  of  the  accuracy  of  the  method,  comparisons  were  made 
with  computer  solutions.  There  are  two  generaL  arees  in  which  comparisons 
were  necessary  in  order  to  provide  a  comprehensive  evaluation:  (1)  the 
prediction  of  temperature  as  function  of  time,  a^d  (2)  the  pred:ction  of 
the  stress  response  as  a  function  of  time.  Since  the  method  was  based  on 
an  insulated  back  wall,  a  comparison  was  also  made  of  the  temperature  and 
stress  response  when  the  insert  has  a  conducting  backup  structure. 


Comparisons  of  solutions  from  computer  programs  with  those  of  the  simplified 
method  have  been  presented  for  AT-  and  tungsten  in  Reference  (3.3)  and  are 
not  repeated  here.  These  comparisons  showed  for  tunsten  that  for  the 
examples  studied  the  hot  wall  temperature,  the  temperature  difference 
across  the  walls,  the  time  at  which  the  maximum  temperature  occurs,  and 
the  hape  parameter  n  of  the  simplified  method  gives  a  surprisingly  good 
approximation  to  the  computer  solution.  This  is  true  for  both  an  insula¬ 
ting  and  a  conducting  backup  structure.  The  str»ss  .solutions  from  the 
computer  and  the  simplified  method  also  gave  a  good  comparison. 
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The  comparisons  with  ATJ  were  not  quite  so  good.  The  maximum  temperature 
differential  and  the  time  at  which  it  occurs  matched  quite  well,  but  the 
shape  parameter,  n,  was  as  much  as  25  percent  in  error  at  the  time  of  peak 
surface  temperature  differential.  A  25  percent  error  in  n  results  in  a 
much  lower  error  in  the  loading  function,  fn.  No  comparison  was  made  with 
the  stress  solutions. 

To  investigate  whether  the  simplified  method  for  pyrolytic  graphite  gave  a 
good  approximation,  spot  checks,  utilizing  computer  solutions  for  both  the 
thermal  and  stress  analyses,  were  made  on  the  FAIL/SAFE  curves  of  the 
design  chart.  It  was  found  that  the  maximum  allowable  radius  ratios,  J3 , 
were  between  5  and  10  percent  conservative. 

3.2.2  THERMOELASTIC  ANALYSIS  OF  A  THICK-WALLED  CONICAL  SECTION 

The  entrance  and  exit  sections  of  a  nozzle  are  considered  to  be  cone 
frustums  for  purposes  of  this  investigation.  This  consideration  is  a  con¬ 
tractual  requirement  and  removes  the  generally  complicating  involvement  of 
double  curvature  in  the  analysis. 

A  detailed  literature  search  of  existing  works  directly  related  to  the 
particular  problem  of  thick-walled  conical  sections  was  made  before  a 
definite  method  of  solution  was  adopted.  References  3.4  through  3.9  are 
some  of  the  more  significant  of  these  works.  Several  methods  of  solution 
were  considered,  including  analytical  solutions,  analog  computer  simulation 
procedures,  and  approximate  methods  using  digital  computer  techniques. 

Because  of  the  restrictive  assumptions  required  in  order  to  obtain 
an  analytical  solution,  this  approach  was  not  considered  to  be  fruit¬ 
ful  in  the  present  investigation.  Analog  simulation  of  the  problem 
is  a  very  powerful  tool  but,  because  of  the  complexity  of  the  present 
problem,  requires  a  prohibitive  amount  of  equipment  in  order  to  obtain  a 
reasonable  degree  of  accuracy  and,  therefore,  was  not  pursued  further.  A 
finite  difference  solution,  making  use  of  relaxation  techniques  and  a 
digital  computer,  appeared  to  be  the  most  promising.  Sufficient  informa¬ 
tion  was  available  to  indicate  that  reasonable  accuracy  could  be  expected 
to  be  achieved  within  an  acceptable  length  of  computer  run  time  (Refer¬ 
ences  3.4  and  3.5).  Thus,  this  was  the  method  of  approach  used,  as  out¬ 
lined  in  the  following  discussion. 

A  biconical  coordinate  system  was  established  as  shown  in  Figure  3-16, 
and  equilibrium  equations  were  written  in  terms  of  this  coordinate  system. 
Making  use  of  strain-displacement  relations  and  the  Duhame 1-Neumann  thermal 
stress-strain  relations,  the  equilibrium  equations  were  expressed  in  terms 
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FIGURE  3-L6.  COORDINATE  SYSTEM  USED  FOR  CONICAL  SECTIONS 
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of  R  and  0)  displacements.  Because  of  the  assumed  axial  symmetry,  the 
three  equilibrium  equations  could  be  reduced  to  two  equations  in  terms  of 
the  displacements  U  and  V  in  the  CD  and  R  coordinate  directions,  respec¬ 
tively. 

In  addition  to  the  assumption  of  axial  symmetry,  the  material,  was  assumed 
to  be  linearly  elastic,  homogeneous,  and  isotropic.  Body  forces  were 
neglected,  and  the  temperature  and  stress  distribution  problems  were  un¬ 
coupled.  These  are  basic  assumptions  in  the  analysis  and  were  made  in 
order  to  simplify  the  initial  solution.  All  are  realistic  and  practical 
assumptions,  the  relaxation  of  which  would  have  added  considerable  com¬ 
plexity  to  the  solution,  and  this  was  not  felt  to  be  justified  in  the 
initial  effort.  The  removal  of  some  of  these  assumptions,  however,  (e.g., 
the  consideration  of  nonlinear  elastic,  visco-elastic,  or  plastic  material 
behavior)  was  considered  to  be  likely  for  future  efforts.  Like¬ 
wise,  heterogeneous  and/or  anisotropic  materials  were  of  interest  and 
could  be  treated  in  Later  efforts  if  the  additional  complexities  introduced 
were  felt  to  have  been  justified.  Considering  body  forces  and  coupling  the 
temperature  and  stress  distribution  problems  introduce,  in  general,  only 
higher  order  terms  and  therefore  were  of  little  consequence. 

Both  normal  and  shear  loadings  of  arbitrary  distribution  (within  the 
limitation  of  axial  symmetry)  were  to  be  accommodated  on  all  four  boundaries; 
i.e.,  interior,  exterior,  and  both  ends. 

The  equilibrium  and  boundary  condition  equations,  which  are  partial  dif¬ 
ferential  equations,  were  rewritten  in  difference  form  in  order  that  they 
might  be  solved  numerically.  In  the  preliminary  analysis,  several  assump¬ 
tions  were  made  in  order  to  simplify  the  solution  and  make  the  checkout  of 
the  basic  computer  program  simpler.  These  include  the  assumptions  of 
(1)  a  single  layer  of  material,  (2)  that  material  properties,  with  the 
exception  of  the  coefficient  of  thermal  expansion,  do  not  vary  with  tem¬ 
perature,  and  (3)  that  the  finite  difference  grid  spacing  in  any  one  co¬ 
ordinate  direction  is  uniform.  All  of  these  Simplifying  assumptions  were 
to  have  been  removed  as  required.  Analytical  work  necessary  for  including 
the  effects  of  temperature-dependent  material  properties  in  the  basic 
formulation  was  accomplished,  and  these  additions  were  to  have  been  in¬ 
corporated  as  required  after  the  basic  computer  program  was  checked  out. 

Thus,  it  would  be  possible  to  analyze  conical  sections  made  up  of  multiple 
layers  of  similar  or  dissimilar  materials  having  temperature-dependent 
material  properties  and  arbitrary  Loadings. 

The  method  of  successive  over-relaxation  was  used  for  the  solution  of  the 
difference  equations  with  the  cross  section  being  defined  by  a  finite 
difference  grid  and  the  number  of  grid  nodes  being  arbitrary  (within  the 
upper  limit  of  computer  capacity,  which  is  adequate).  A  relatively  simple 
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point-by-point  iteration  procedure  was  used  with  periodic  checks  on  rate  of 
convergence  and  a  detailed  re-evaluation  of  residuals  at  specified  intervals 
to  minimize  accumulative  error. 


The  problem,  as  analyzed  above,  is  general  enough  to  be  of  real  significance 
f  in  solving  practical  problems  and  yet  is  specific  enough  to  permit  ob¬ 

taining  results  within  a  reasonable  amount  of  time  and  effort.  A  computer 
program  was  written  in  Fortran  language  for  use  on  the  Philco  2000  computer. 
However,  difficulties  were  encountered  in  obtaining  convergence  of  the 
numerical  relaxation  method  for  the  general  case  of  arbitrary  surface 
loading  conditions.  Other  problems  involving  certain  mixed  boundary  con¬ 
ditions  were  solved  with  some  success.  In  particular,  these  problems  con¬ 
sidered  displacement  conditions  on  the  ends  of  the  conical  section.  The 
program  converged  quickly  (1-2  minutes  of  lor  computer  time)  to  a  solu¬ 
tion  when  only  displacement  boundary  c  ndi..  ms  were  specified.  However, 
when  stress  boundary  conditions  o'-  ixed  boundary  conditions  were  specified, 
convergence  was  not  obtained , 

Attempts  were  made  to  make  use  of  the  fact  that  specifying  boundary  dis¬ 
placements  does  give  cunve'*geuca  in  oruer  to  solve  the  general  mixed 
boundary  value  problem.  By  specifying  boundary  displacements  based  upon 
the  magnitude  of  th<  applied  boundary  leadings,  solving  this  displacement 
boundary  value  problem  uy  the  reiaxaticnal  technique,  and  then  calculating 
boundary  stresses  corresponding  to  these  assumed  displacements,  the  assumed 
displacements  could  be  reviseu  to  6ive  better  agreement  between  the  applied 
and  calculated  stresses.  This  tiocess  can  then  be  repeated  as  necessary 
until  sufficient  accuracy  is  attained.  Because  of  the  nature  of  the  existing 
finite  difference  squat ?ons,  hjwever,  successive  revision  of  the  boundary 
displacements  does  not  necessarily  lead  to  the  desired  results.  The 
coupling  between  adjacent  boundary  point  displacements  was  too  weak  to 
transmit  changes  adequately. 

Another  attempt  was  made  to  obtain  convergence  by  revising  the  original 
difference  equations  at  the  boundaries  in  order  to  eliminate  forward  and 
backward  differencing  techniques  and  to  provide  a  more  orderly  system  of 
difference  equations  with  which  to  work.  The  details  of  such  a  method  are 
similar  to  those  outlined  in  Reference  3.10  for  solutions  of  plane  elas¬ 
ticity  problems.  However,  again  convergence  was  not  obtained  for  the  case 
of  mixed  boundary  conditions,  and  the  method  was  discarded. 

Because  of  the  difficulties  encountered  and  the  lack  of  contract  time 
available  for  additional  development,  work  was  suspended  at  this  pcint. 

The  computer  program  which  actually  resulted  then  was  one  which  would  accept 
displacement  boundary  conditions  but  would  not  accept  stress  boundary  con¬ 
ditions  or  mixed  boundary  conditions.  This  type  of  program  was  not  con- 
iidered  sufficient  to  analyze  conical  sections  in  this  investigation.  As  a 
consequence,  no  structural  analysis  was  performed  on  these  sections. 
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3.3 


ANELASTIC  BEHAVIOR 


Elastic-perfectly  plastic  behavior  was  investigated  in  this  analysis;  no 
viscoelastic  or  time-dependent  anelastic  behavior  was  studied.  The  Tresca 
yield  criterion  was  adopted  for  greater  ease  in  investigating  plastic 
behavior.  An  analysis  was  developed  for  determining  the  plastic  behavior 
of  hollcw  cylinders. 

It  was  elected  not  to  develop  a  computerized  numerical  methodology  for 
the  anelastic  behavior  of  nozzle  materials.  Although  such  computer  pro¬ 
grams  would  greatly  enhance  capabilities  for  nozzle  analysis,  it  was  felt 
that  they  would  find  little  practical  application  toward  achieving  the 
goals  of  the  present  restartable  nozzle  study.  In  addition,  the  property 
data  required  for  efficient,  accurate  use  of  such  programs  do  not  exist 
in  directly  applicable  form  for  most  nozzle  materials. 

The  assumption  of  ideal  elastic-perf ecfcly  plastic  (non-work-h'ardening) 
behavior  would  appear  justified  for  tungsten,  considering  stress-strain 
curves  at  temperatures  above  the  brittle-ductile  transition  temperature, 
such  as  hose  typically  shown  in  Reference  3.11.  However,  examination  of 
literature  or.  various  grade-  of  graphites,  i.e..  Reference  3.12,  and 
manufacturers'  and  supporting  test  data  on  pyrolytic  graphite,  such  as  in 
References  3.13  through  3.19,  would  seem  to  indicate  that  the  grephites 
possess  extremely  work-hardening  (or  occasionally  work-softening)  charac¬ 
teristics,  when  not  behaving  as  typical  linearly  elastic  materials.  Graph¬ 
ite  is  also  a  viscoelastic  material,  according  to  Reference  3.12,  brittle 
to  approximately  2800°F,  plastic  above  4500°F,  a^d  in  a  transition  state 
between  these  two  temperatures. 

Below  the  brittle-ductile  transition  temperature,  some  types  of  tungsten 
also  have  no  apparent  yield  region  at  all,  exhibiting  linear  elastic 
brittle  behavior.  For  such  essentially  completely  brittle  materials  as 
tungsten  at  low  temperatures,  it  is  required  to  interpret  any  2’ield  crite¬ 
rion  as  actually  a  failure  criterion,  since  behavior  is  approximately 
linear  elastic  until  failure.  Scrutiny  of  the  stress-strain  curves  pre¬ 
sented  for  the  graphites  and  pyrolytic  graphite  in  References  3.12  to  3.17 
indicate  that  for  many  of  these,  except  a*-  the  higher  tom*,  ara  Lures, 
behavior  is  not  linearly  elastic  and  completely  brittle.  The  work -hardening 
or  softening  portion  of  the  almost  bi-linear  curves  applies  over  most  of  the 
deformation  range,  until  "brittle"  failure.  It  appears  quite  adequate  then 
to  approximate  materials  so  characterized  ac  completely  elastic,  to  brittle 
failure,  on  the  first  application  of  loading,  using  the  "woric-Laidening 
modulus"  as  the  elastic  modulus.  This  appears  to  be  the  modulus  usually 
tabulated  for  pyrolytic  graphite,  but  not  for  other  graphites,  for  which 
sonic  moduli  are  found. 3* 12  it  is  onlywhen  loading  is  removed  and  then 
reapplied  that  the  possibly  true  anelastic  behavior  comes  into  play  for 
these  materials,  work-hardening  or  softening  being  reflected  by  a  different 
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unloading  (and  subsequent  reloading)  modulus  than  used  initiallv.  (Such 
work-hardening  is  indicated  in  Figure  101  of  Reference  3.19  for  pyrolytic 
graphi te. ) 

At  the  higher  temperatures,  the  stress-strain  curves  also  can  usually  be 
conservatively  approximated  by  ideal  elastic  plus  perfectly  plastic 
behavior  on  first  loading,  again  omitting  the  initial  small  elastic  region 
but  accounting  for  its  effect  on  subsequent  unloading  and  reloading.  (It 
is  observed  that  such  work-hardening  or  softening  behavior  under  cyclic 
loading  requires  care  be  taken  in  identification  of  the  "initial"  state  of 
a  material  with  respect  to  its  use  in  a  nozzle.)  Thus,  the  assumption  of 
elastic-peifectly  plastic  behavior  appears  quite  valid  for  typical  nozzle 
throat  materials,  if  interpreted  as  above  for  application  of  first  loading 
to  the  materials,  with  yield  criteria  replaced  by  brittle  failure  criteria 
where  required. 

Reference  3.20  has  shown  the  comparative  ease  of  use  of  the  Tresca  yield 
criterion  and  associated  flow  rule  in  place  of  the  Mises  criterion  for 
isotropic  materials.  Analytic  results  are  generally  not  expected  to  differ 
significantly  between  application  of  the  two  criteria  for  isotropic  mate¬ 
rials.  The  Tresca  condition  is  a  maximum  resolved  shear  stress  yield  con¬ 
dition  for  isotropic  materials.  Since  tungsten  is  elastically  isotropic, 
fabrication  and  crystallographic  orientation  producing  any  plastic  ani¬ 
sotropy  exhibited,  and  since  some  polycrystalline  graphites  are  not  highly 
anisotropic,  it  would  appear  using  a  generalized  Tresca  condition  would  be 
as  adequate  as  using  the  Mises  criterion  for  yield.  Reference  3.21  is  a 
discussion  of  failure  criteria.  The  analogy  between  yield  by  Mises  or  Tresca 
cri  ria  and  failure  by,  respectively,  energy  of  distortion  or  maximum 
resolved  shear  stress  becomes  immediately  apparent.  For  brittle  materials, 
the  latter  failure  criterion  is  typical.  Thus,  using  a  maximum  resolved 
shear  stress  yield  or  failure  criterion  for  tungsten  and  polycrystalline 
graphite  would  appear  more  easily  justified  than  use  of  t.he  Mises  criterion. 

For  pyrolytic  graphite.  Reference  3,19  indicates  brittle  failures  generally 
occur  during  compression  of  the  basal  plane  by  shear  failure,  the  failure 
surface  being  a  plane  at  45  degrees  to  the  load  and  across  laminations 
(therefore,  normal  to  the  basal  planes).  This  type  of  failure  would  agree 
with  values  of  a-direction  tensile  and  compressive  strengths  and  trans- 
laminar  shear  strengths  quoted  in  Reference  3.22. 

For  the  purposes  of  structural  analysis  under  this  program,  nozzle  throat 
analyses  are  based  on  symmetrically  loaded  hollow  infinite  circular  cylin¬ 
der  or  thin  annular  plate  models,  or  some  analytic  combination  thereof. 

It  is  consistent  with  these  models  to  assume,  as  in  Reference  3.20,  both 
that  (1)  the  Tresca  yield  condition  applies  and  that  (2)  yielding  (or 


failure)  takes  place  under  the  action  of  the  stresses  in  the  plane  of  the 
cross"section  only  without  influence  of  "axial"  (plate  surface  normal) 
stress.  Expressed  mathematically,  the  criterion  is 


K-°r|  ‘  2» 


(3.26) 


where  ^  is  the  shear  strength  and  at  the  outer  boundary  of  the  material. 
The  associated  flow  rule  is 


dep  =  1 :  - 1 : 0 


(3.27) 


As  in  Reference  3.20,  the  conditions  on  axial  load  to  satisfy  this  yield 
assumption  may  be  determined  a  posteori.  In  actuality,  it  is  thus  antic¬ 
ipated  that  at  first  yield  or  failure  of  cylinders  (or  plates  in  contact 
regions)  the  axial  and  circumferential  stresses  will  have  the  same  sense 
and  similar  magnitudes,  while  the  radial  stress  will  be  small  or  of  oppo¬ 
site  sense.  For  surface  traction  free  portions  of  plates,  it  is  antic¬ 
ipated  that  if  the  radial  stress  is  not  of  sense  and  magnitude  similar  to 
the  (in  this  case)  vanishingly  small  axial  stress,  it  then  opposes  the 
circumferential  stress  in  sense. 

3.3.1  INITIAL  YIELDING  OR  BRITTLE  FAILURE  OF  A  CYLINDRICAL  INSERT 

Consider  an  axi symmetric ,  long,  cylindrical  nozzle  throat  insert  loaded 
also  axisymmetrically  with  a  net  axial  load  P,  internal  and  external 
pressures  pa  and  p^,  and  temperature  producing  free  thermal  strains. 
Assume  that  this  throat  insert  is  made  of  an  isotropic,  homogeneous  mate¬ 
rial  with  elastic-piastic  properties  invariant  of  location  for  a  given 
thermal  loading.  For  practical  problems  of  isotropic  throat  inserts, 
initial  yield  on  first  firing  will  not  occur  between  surfaces.  For  pur¬ 
poses  of  this  analysis,  yielding  is  considered  to  be  initiated  at  the 
surface.  The  stresses  are  considered  to  result  from  thermal  loading  and 
from  internal  and  external  pressures.  The  stresses  are  given  by  adding 
the  pressure  stresses  to  the  thermal  stresses  given  by  Equations  (3.3) 
and  (3.4)  and  including  expressions  for  the  radial  stresses.  At  the 
inner  boundary 


■  TZ  <T,  -  V  <£„-» 


+  £±i 


(3.28) 
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(3.29) 


(T  -  T.)  (f  -1)  +  q 


z  1  -V  'a  * b '  v  n 


and  at  the  outer  boundary 


(3.30) 


■  fi  <T«  •  V  £n +  ~t~  p» '  fr:  pb 

/3  -1  /3  -1 


(3.31) 


1 5  <Ta  *  V  fn  +  « 


(3.32) 


(3.33) 


where  q  is  a  uniform  axial  stress  resulting  from  an  axial  load,  P,  which 
is  negative  if  compressive.  These  equations  are  for  a  long  cylinder.  If 
a  short  cylinder  is  considered,  <J  vanishes  on  both  boundaries  except  for 
the  quantity  q,  and  V  is  set  equal  to  zero  in  the  expressions  for  the 
hoop  stress. 

The  above  equations  may  be  combined  with  Equation  (3.26)  to  determine  the 
point  of  first  yield  or  failure  for  the  combination  of  loads  applied.  At 
the  same  time,  it  is  ass-imed  in  using  Equation  (3.26)  for  an  isotropic 
material  that,  at  any  material  point  where  yielding  takes  place,  Oz  is 
algebraically  intermediate  to  9^  and  0 r.  This  can  be  analytically 
expressed  as 


CT.  -  c 

9  t 


(3.34) 


Consider  the  same  polynomial  temperature  distribution,  (1-  £)n,  and  the 
same  thermal  loading  function,  fn,  used  in  the  thermoelastic  analysis. 
Paragraph  3.2.1.  For  convenience,  define  the  parameters 


(l-V)  (p,-pb> 

Ea  <VV 
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(1-v)  '  ?-pa) 

*2E  a  (T  -T  J 
a  d 


U  =  Il-vUi— 

£a  (T  -T.  ) 
a  o 


It  is  seen  that  U  >  0  at  ail  times. 

There  are  three  conditions  which  must  be  satisfied: 

(1)  |  Oq  -  Or  |  =  2  M 

(2)  *  arl  on  surface  which  is  yielding  is 
greater  than  |  Oq  -  CTr  j  on  the  opposite  surface 

(3)  Oz  is  between  Oq  and  CTr 

Utilizing  Equation  (3.26)  and  considering  practical  values  of  all  param¬ 
eters,  yield  or  failure  will  take  place  first  at  the  inner  surface  when 
F  reaches  the  value  Fa 


2 

F  =  fu  -  1/2  (f  -1)1 

a  L  n  J 


(3.35a) 


This  expression  applies  when  (cjg  -  ar)  >  0.  However,  it  is  also  required 
at  this  point  that 


F  >  1/2 


(3.35b) 


which  assures  that  | CT^  -  ar |  at  r  *  a  is  greater  than  |a^  -  ar|  at  r  .=  b. 
Also,  for  Equation  (3.26)  to  be  the  correct  portion  of  the  yield  surface, 
Equation  (3.34)  gives 


77  F<Q<  1/2  <Vl) 


(3.35c) 


which  says  that  az  is  intermediate  to  Og  and  a* 
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Yielding  also  occurs  first  at  the  inner  surface  under  an  alternate  set  of 
conditions  if  F  achieves  the  value  Fj, 


-  T  u  +  1/2  (V1)] 

02  L  n  J 


(3.36a) 


This  expression  applies  when  (ffg  -  0r)  <  0. 

It  is  required  that  at  this  point  in  stress  history  as  well  as  space 


F<  G  - 
and  that 


(f -i/2) 

- 


A2 

1/2  (f  -1)  <  Q  <  -  V"  F 

n  fi-l 


(3.36b) 


(3.36c) 


Yielding  otherwise  occurs  first  at  the  outer  surface  according  to  Equa¬ 
tion  (3.26)  for  the  problem  under  consideration  when  F  reaches  Fc 


Fc  -  (/S2-l)  (U-l/2  fn) 

However,  in  this  case  it  is  also  required  that 


(3.37a) 


G  <  F  <  1/2 


and  that 


<  Q  <  1/2  (fn-F) 


(3.37b) 


(3.37c) 


Obviously,  each  pair  of  Equations,  (3.35a)  and  (3.35b),  (3.36a)  and  (3.36b), 
and  (3.37a)  and  (3.37b),  can  be  combined  to  determine  conditions  on  the 
parameter  0  required  in  each  case  for  yield  or  failure  to  occur  in  accord 
with  F  achieving  one  of  its  required  values,  provided  the  corresponding 
conditions  on  Q  are  met.  Thus,  yield  occurs  when  F  »  Fa  at  the  inner 


surface,  if 

U  >  1/2  f  £  +  -^-1  (3.35d) 

l  "  P2-lJ 

provided  that  at  yield 

-  [  U  -  1/2  (fn-l)]  <  Q  <  1/2  (fn-l)  (3.35e) 

Yield  occurs  when  F  =  Fj,  at  the  inner  surface  if 

” >  1/2  ( fa)  K^2'1)  £»+1]  (3  J6d) 

provided  that 

1/2  (f  -1)  <  Q  <  1/2  (f  -1)  +  U  (3.36e) 

n  n 

Yield  occurs  when  F  =  Fc  at  the  outer  surface  if 

1/2  JTi  [('M  f"+1  ] < " <  1/2  [ f” +  13 -37d) 

provided  that 


'  ¥  [U-1/2£n]<»<-  ¥[^  U  -  ££2£„ 

Similar  analyses  could  be  performed  considering  that  |oz  -  Or|  *  2m  and 
placing  the  proper  restrictions  on  the  boundary  on  which  yielding  first 
occurs  and  requiring  that  <Jq  is  intermediate  to  Oz  and  ar. 

For  practical  problems  in  this  program,  only  yielding  of  tungsten  is  con¬ 
sidered.  Since  corrosion  considerations  severely  limit  the  maximum  ser¬ 
vice  temperature  of  ATJ  graphite  to  about  4200°F,  this  material  remains 
essentially  brittle  in  nature  throughout  its  service  life  and  does  not 
reach  the  plastic  threshold  temperature  of  4500°F.  Yielding  of  pyrolytic 
graphite  in  the  a-b  plane  has  never  been  observed  in  any  nozzle  firings. 
Large  anelastic  deformations  do  not  occur  in  pyrolytic  graphite  at  temper¬ 
atures  below  about  4?00°F.  When  the  nner  surface  temperatures  reach  this 
value,  the  thermal  loadings  are  usually  rather  small. 
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The  initial  yielding  of  tungsten  is  important  on  the  inner  surface  when 
F  -  Fb-  Yielding  would  not  occur  for  F  ■  Fa  since  this  condition  requires 
(Og  -  Or)  to  be  positive  and  this  in  turn  requires  a  tremendous  value  of 
pa.  Brittle  tensile  failure  will  occur  on  the  outer  surface  of  a  tungsten 
insert  before  yielding  will  occur  for  P  ■  Fa. 

The  magnitude  of  the  compressive  stress  on  the  inner  surface  of  the  tung¬ 
sten  insert  will  always  exceed  the  magnitude  of  the  tensile  stress  on  the 
outer  surface.  This  is  true  since  fn  is  always  leas  than  1/2,  and 


and  the  thermal  stresses  contribute  the  major  components  of  the  stresses. 

It  is  found  tha^for  most  practical  problems,  the  inner  surface  is  fairly 
warm  '’hen  the  stresses  build  to  a  significant  magnitude,  so  that  the 
question  of  a  brittle  compressive  failure  mode  for  tungsten  rarely  arises. 

Using  the  method  of  comparing  an  allowable  &0with  an  attainable  A0  as 
was  done  in  the  thermoelastic  analysis  presented  in  Paragraph  3.2.1,  and 
taking  the  tungsten  properties  as 

E  -  50  x  I06  psi 

a  «  2.2  x  10"6/°F 
V  «  0.3 

H  *  25,000  psi  and  50,000  psi 

a  graph  which  can  be  used  as  a  design  chart  can  be  plotted.  Such  a  graph 
is  shown  as  Figure  3-17.  It  should  be  pointed  out  that  the  values  of  fi 
shown  above  are  taken  as  reasonable  values  and  are  not  intended  to  indicate 
precise  values.  These  values  can  be  used  at  least  as  representative  for 
Illustrative  purposes. 

It  is  seen  by  a  comparison  of  Figure  3-14  with  Figure  3-17  that  compressive 
yield  can  occur  on  the  inner  surface  before  brittle  tensile  failure  occurs 
on  the  outer  surface.  This  does  not  indicate  that  the  yielding  will  occur 
to  the  exclusion  of  brittle  back-  aide  fracture.  Indeed,  a  plastic  inner 
tone  can  develop  in  a  tungsten  insert  which  still  fractures  on  the  back 
side.  Figure  39  of  Reference  3,23  shows  an  Insert  which  has  undergone 
such  an  occurrence.  This  figure  shows  a  back  side  fracture  whose  propa¬ 
gation  terminated  in  the  ianer  plastic  sone. 
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3.3.2  PLASTIC  FLOW  OF  AN  ISOTROPIC  ELASTIC- PERFECTLY  PLASTIC  CYLINDRICAL 
NOZZLE  INSERT 


Consider  a  cylindrical  nozzle  insert  made  of  an  isotropic,  homogeneous, 
elastic-perfectly  plastic  material  possessing  uniform,  temperature- 
independent,  properties.  Let  the  inner  and  outer  radii  of  this  cylinder  be 
and  r,,,  respectively,  with  associated  internal  and  external  pressures  pi 
and  p£,  and  net  axial  load  Pz ,  where  an  average  diameter,  D,  thickness,  h, 
and  boundary  stresses  are 


D  ’  r2  +  h 


°r  <rl>  ‘  -pl 


h  '  r2  '  "I 


Or  (r2>  ’  -r2 


Assume  that  under  thermal  and  mechanical  loading,  elastic  and  plastic 
regions  develop.  Irrespective  of  their  number  and  location,  the  assumptions 
of  plane  strain,  which  apply  to  all  analyses  of  long  cylindrical  throat 
inserts,  the  yield  condition  (Equation  3.26),  and  the  associated  flow 
rule  (Equation  3.27),  require  that  the  following  holds, 


E  e 
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2Ea 

Dh 
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2V 

DIi 
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2 

2  p2 


(3.38) 


Let  it  be  assumed  that  strains  and  displacements  are  small.  Assume  also 
that  once  a  region  becomes  plastic,  the  load  path  is  such  that  it  remains 
plastic  until  loading  is  complete.  Removing  the  absolute  value  signs 
from  Equation  3.26,  yielding  is  then  defined  by  the  positive  or  negative 
quantity  with  absoLute  value  ft 


1/2  (ae-  ar)  =  T  ::  ±  M 

Equations  (3.38)  and  (3.39)  hold  as  long  as  within  any  nlastic  r 
rp  _  r  <  rp+j  the  additional  relation  ho’ds,  for  all  r. 


x  (r)  -  2  <  q/v  <  x  (r) 
where 

x  (t) 


-[ 

■2  v  [( 
+  - **■ 


(l-2v)  o  (r)  EaT(r) 
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Consider  any  elastic  region  a  £  r4b.  Equations  (3.28),  (3.29),  (3.31), 
and  (3.32)  still  apply.  In  addition 


EOT  „  (b2pb  *  a2pa) 
a  =  E e  -  t ~r  -  2v  - - - = - + 

z  2  (1'v)  (b2  -  a2) 


(1-V)  (b2-  a2)  { 


rTdr  (3.42) 


The  hoop  strain,  £g,  and  radial  displacement,  u,  in  this  elastic  region 
are  found  from  the  relations 

(1+V)  a2h2  (p  -  p  )  (1+V)  (1-2V)  (b2p.  -  a2p  ) 

ea  -  H  =  .  ve  -  _ 2 _ _  _ _ _ i _ 2 _ a/ 

“  r  7  22?  0  0 
r  E  (b  -  a  )  r  E  (b“  -a2) 


2  b 


(1-V)  (b 


f — r  h  /  rTdr  +  %  f  rTdr 

-  a  >  i  r  «£.  •  r  J 


(3.43) 


+  (1-2V)  I  rTdr 


Note  nowever  that,  unlike  the  purely  elastic  analysis  previously  conducted, 
the  locations  a  and  b,  and  associated  pressures  pa  and  p^,  are  to  be 
determined.  At  the  boundaries  of  the  to  be  determined  plastic  regl-?r. 
rp£r<rp+l  consider  that  the  actually  still  unknown  stresses  are  imposed 
pressures, 


a  (r  )  =  -pn 
r  p  p 


°r(Vi>  ■  "Vi 


Solution  of  the  plastic  flow  problem  for  small  radial  displacements  u, 
following  Reference  3.20  if  desired,  gives 


a  =  "P_  +  2T  log 
r  P  a  °e 


l*J 


a  *rp+l  +  2Ta  loh 


(U 


(3.44) 


ar,  =  a  4-  2T 


r  a 


(3.45) 


o  -  E  (e  -  ot)  +  2v  (t  +  a  ) 
z  z  a  r 


-  VC  + 
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j^f 


(3.46) 


(3.47) 
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Where  ?a  can  be  either  r„  or  rp+i,  and  represents  the  tadius  at  the 
transition  from  elastic  to  plastic  behavior.  In  either  case,  continuity 
<>t  the  region  Interface  requires 


(3.48) 

(3.49) 


However,  the  following  sets  of  relations  also  apply,  depending  on  the 
location  of  the  interface  r^, 


(3.50) 


(3.51) 


It  is  seen  that  (p^_i  -  P^+l^*  cnosen  for  notation  compactness,  actually 
represents  the  "pressure"  drop  across  one  elastic  plus  adjacent  plastic 
zone  of  the  nozzle. 


Satisfaction  of  the  surface  pressure  (boundary)  conditions  on  the  entire 
insert  completes  postulation  of,  and  permits  solution  of,  any  such  plastic 
flow  problem.  It  is  noted  that  an  inverse  approach  is  probably  most  practi¬ 
cal  for  such  problems. 


3,4  DEVELOPMENT  OF  THEORY  FOR  STACKED  PYROLYTIC  GRAPHITE  WkSHER  INSERTS 


In  Paragraph  3.2,  the  elastic  response  of  pyrolytic  graphite  washer 
inserts  was  analyzed.  This  analysis  did  not  treat  the  effects  of  axial 
loads  or  the  high  contact  stresses  which  result  when  these  loads  are 
carried  by  a  narrow  annulus  at  the  hot  inner  surface  of  the  washers. 
These  high  contact  stresses  can  result  in  permanent  axial  (c-direction) 
deformations  of  the  washers  as  determined  in  the  materials  laboratory. 
(Reter  to  Section  4.) 
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A  higher  order  plate  theory  was  developed  to  analyze  these  wa*h*r«,  which 
are  actually  plates.  This  theory  and  its  modification  into  the  form  of 
classical  theories  have  been  presented  in  References  3,24  and  3.3. 

Because  of  its  length  and  complexity,  it  is  not  reproduced  here. 

A  closed  form  elastic  solution  to  the  problem  was  also  obtained.  , 
solution  is  presented  here.  A  computer  program  was  also  developed  to 
treat  the  problem  when  variable  material  properties  or  multiple  contact 
regions  are  involved. 

The  closed  form  elastic  solution  was  obtained  by  dividing  the  washer 
into  two  pieces  as  shown  below.  The  6  axis  is  perpendicular  to 


£ 
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the  plane  of  the  paper  and  the  r-Q  plane  is  a  plane  of  isotropy.  The 
treatment  is  as  follows; 

Piece  1 

•  Load  thermally  and  with  pa  and  p^. 

Temperature  is  monotonically  decreasing  radially  outward. 

•  Assume  plane  sections  remain  plane; 

is  a  constant;  plane  strain  prevails. 

(In  a  washer  stack,  symmetry  about  the  washer 
midplane  is  assumed.) 

•  Solve  for  a,  Oa,  <7  ,  and  u  with  b,  p.  ,  and  e  unknown. 

r  y  z  D  >z 


3-59 


Place  2 


•.  Load  thermally  and  with  p.  and  pc. 

Tamparature  la  monotonlcally  decreasing  radially 
outward. 

a  Aasuaa  Ox  ■  0  everywhere;  plana  street  prevails, 
a  Solve  for  Or,  Oq,  and  u  with  pb  and  b  unknown. 
Simultaneously 

a  Hatch  u  between  Pieces  1  and  2  at  r  ■  b. 
a  In  Piece  1,  require  Oz  ■  0  at  r  ■  b. 

#  In  Piece  1,  require  2  7rf'3ardr  *  P 

There  are  now  three  eqiatiSns  in  the  three  unknowns 
b,  pb,  and  ez« 

a  Solve  the  three  equations  simultaneously. 


The  solutions  for  the  stresses  and  displacements  in  each  piece  were 
obtained  in  the  usual  way  by  utilizing  the  stress-strain  equations  of 
Hooke's  Law,  the  strain-displacement  relations, 
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the  equilibrium  equation 


•  0, 


and  the  compatibility  equation, 
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Simultaneous  solution  for  the  three  unknowns  yielded  three  equations  from 
which  the  unknowns  could  be  determined.  The  first  of  these  is 
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(3.55) 


For  compressive  axial  loading,  P  is  negative.  The  interface  b  may  be 
determined  from  this  equation  and  the  process  is  an  iterative  one.  The 
remaining  two  equations  are: 
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In  these  equations,  the  subscripts  on  a  and  E  denote  the  direction  in 
which  they  are  measured.  The  Poisson’s  ratios  are  defined  by 
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The  stresses  are  given  by  the  following  equations  for  Piece  1: 
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The  itrui  of  interest  It  the  axial  acres*  it  r  ■  <  In  Piece  1.  This  will 
be  Che  grestesc  oppressive  exist  stress  la  Che  cons teat -property  body 
with  the  temperature  distribution  applied.  The  body  will  also  be 
hottest  at  this  point  and  therefore  have  the  greatest  tendency  to 
deform.  At  r  ■  a,  this  axlsl  stress  is  given  by  the  expression 
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T.  is  found  by  solving  Equation  (3.56)  for  the  interface,  b.  Assigning 
reasonable  values  to  the  material  properties,  it  is  found  that  at  r  ■  a 

ff  »  -  30  (T  -  T.  )  (3.64) 

s  a  b 

so  that  the  temperature  difference  across  the  plane  strain  region  need 
be  only  a  few  hundred  degrees  Fahrenheit  for  this  stress  to  be  quite 
significant  for  producing  permanent  deformation. 


The  determination  of  the  axial  load,  P,  may  b®  made  with  considerations  of 
pressure  loadings  and  restraint  to  axial  expansion.  Good  design  practices 
dictate  that  pyrolytic  graphite  washer  inserts  should  not  be  constrained 
from  axial  expansion;  restraint  loading,  then,  will  not  be  considered. 

The  axial  load  resulting  from  pressure  may  be  calculated  by  two  different 
means,  one  of  which  is  definitely  conservative.  The  more  conservative 
calculation  assumes  that  the  chamber  pressure  acts  over  the  ®-tir®  frontal 
area  of  washer.  Alternately,  the  pressure  differential  across  the  washer 
thickness  (pressure  at  upstream  edge  minus  pressure  at  downstream  edge) 
can  be  applied  to  the  frontal  area.  In  regions  of  high  axial  pressure 
gradients,  this  latter  loading  can  be  around  half  .he  first  loading. 

Care  should  be  taken  in  design  that  the  pressure  loads  acting  on  the 
entrance  section  are  not  transmitted  directly  to  the  inner  circle  of  the 
upstream  pyrolytic  graphite  washer  in  the  stack.  If  this  is  allowed  to 
happen,  even  higher  loads  may  result. 

A  computer  program  based  on,  plane  strain  solution  of  a  hollow  cylinder 
was  developed  for  this  problem.  By  an  iterative  procedure,  contact  regions 
are  defined.  tihere  contact  does  not  occur.,  the  axial  modulus,  E  is  made 
quite  small  (as  much  as  a  hundred  orders'  of  magnitude  less  than  the  actual 
Ec) .  This  has  the  effect  of  impqsing  plane  stress  conditions  upon  the 
noncontacting  regions  and  transforming  the  washer  into  a  tension  limited 
cylinder  (axial  tension  cannot  be  supported). 
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This  computer  program  la  capable  of  analyzing  anisotropic  washers  for 
axisyametric  loading.  In  addition  to  Input  of  variable  material  properties, 
the  loading  consisting  of  internal  and  external  pressures,  the  net  axial 
load,  and  thermal  load  are  required  inputs  to  permit  solution  using 
this  program.  The  principal  axes  of  the  material  must  coincide  with  the 
radial,  circumferential,  and  axial  directions  of  the  washer.  An  arbitrary 
first  guess  of  the  value  of  r  where  contact  between  washers  is  lost  is 
also  input.  By  the  iterative  procedure,  E  is  made  as  small  as  desired 
where  any  previous  approximation  has  indicSted  a  positive  axial  stress. 

The  program  ceases  when  iteration  produces  compressive  stresses  only  in 
the  regions  of  true  E  .  Any  arbitrary  temperature  distribution  may  be 
used  since  multiple  contact  regions  can  be  determined. 


3.5  THERMAL  FATIGUE 


At  the  beginning  of  the  program,  thermal  fatigue  was  identified  as  a 
potential  problem  area.  It  was  enveloped  in  an  aura  of  mystery,  since  the 
subject  Iteaelf,  which  is  one  of  plastic  straining,  was  not  well  developed 
and  its  application  to  brittle  materials  had  hardly  begun.  The  huge 
deficits  of  unknowns  naturally  raised  certain  fears  of  impending  disaster 
for  the  flamefront  materials  when  subjected  to  cyclic  operation.  This 
led  to  a  rather  extensive  literature  survey,  some  preliminary  laboratory 
testing,  a  study  of  crack  nucleation  and  propagation,  and  an  extensive 
laboratory  test  plan.  Many  of  these  fears  were  allayed  when,  midway 
through  the  program,  the  first  experimental  thermal  fatigue  data  on 
tungsten  and  pyrolytic  graphite  became  available  and  indicated  that 
thermal  fatigue  may  not  be  a  problem  for  up  to  50  cycles.  The  noszle 
testing  progran  did  not  show  thermal  fatigue  to  be  a  problem  for  the  duty 
cycles  imposed. 

This  paragraph  contains  a  rather  detailed  discussion  of  thermal  fatigue 
as  applicable  to  restartable  solid  rocket  nozzles.  Although  at  the  end  of 
the  program,  thermal  fatigue  was  not  considered  to  be  the  problem  that 
was  feared  at  the  beginning  of  the  program,  this  discussion  has  historical 
significance  as  well  as  value  as  a  foundation  for  that  time  when  further 
work  becomes  necessary.  The  literature  survey,  the  Important  consider¬ 
ations  of  the  dual  brittle  and  ductile  natures  of  the  candidate  materials, 
crack  initiation  and  propagation,  and  an  experimental  program  are  Included 
in  the  discussion.  The  investigation  was  designed  to  ferret  out  those  most 
critical  items  and  to  determine  the  severity  of  the  thermal  fatigue  problem 
for  40  restarts. 

3.5.1  PRELIMINARY  LABORATORY  TESTS 

In  order  to  obtain  a  baseline  indication  of  the  thermal  fatigue  character¬ 
istics  of  the  candidate  flamefront  materials,  some  rudimentary  laboratory 
tests  were  conducted  rather  early  in  the  program.  These  tests  are 
discussed  and  results  are  presented  in  Paragraph  4.6,  The  results  were 
inconclusive  in  that  a  definition  of  thermal  fatigue  as  a  problem 
area  could  not  be  made.  Consideration  was  given  to  the  meaningful  exten¬ 
sion  of  the  laboratory  work  in  order  to  obtain  thermal  fatigue  data  which 
could  be  applied  to  the  restart  noszle  analysis.  The  preliminary  investi¬ 
gation  which  was  conducted  w«s  designed  to  define  some  reasonable  teats 
which  might  be  run  on  the  three  candidate  materials  to  see  if  thermal 
fatigue  and/or  associated  brittle  fracture  is  a  problem.  The  approach 
used  was  to  determine  the  critical  varlablts  for  each  material  and  to 
attempt  to  formulate  several  testa  to  delineate  the  scope  of  each  variable. 
In  implement lag  this  approach,  a  literature  survey  was  completed,  the 
coupling  of  materials  and  temperature  was  examined .  and  several  testing 
approaches  were  considered. 
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3.5.2  LITERATURE  SURVEY 


A  very  comprehensive  review  of  thermal  fatigue  has  been  presented  by 
Yen. 3*25  Although  this  review  centers  around  ductile  metals,  some  of  the 
factors  are  germane  to  refractory  nozzle  materials.  There  is  a  basic 
difference  between  mechanical  fatigue  at  a  constant  temperature  and 
thermal  fatigue.  The  effect  of  a  cyclic  temperature  on  a  specimen  in  a 
uniaxial  test  in  which  the  specimen  la  constrained  may  be  the  same,  stress* 
wise,  as  the  effect  of  a  cyclic  load  at  a  constant  temperature  in  a  fixed 
strain  range.  However,  with  the  varying  temperature  conditions,  there 
are  associated  changes  in  physical  properties  and  micros true tural  varia¬ 
tions  which  are  dependent  on  both  time  and  temperature.  Correlation  of 
thermal  fatigue  and  mechanical  fatigue  at  constant  temperature,  based  on 
the  cyclic  plastic-strain  range,  can  be  made  in  same  instances  provided 
no  major  micros true tural  changes  occur  during  the  testing  period.  This 
has  been  done  by  Swindeman  and  Douglas^ *26  for  Inconel.  However ,  Inconel 
is  known  to  be  metallurgically  stable  and  to  possess  a  rather  uniform 
deformation  mechanism  within  the  range  of  the  testing  temperatures .  The 
variation  of  mechanical  properties  and  microstructure  with  temperature  and 
time  gives  rise  to  difficulties  in  evaluating  and  interpreting  the  results 
of  material  testing  at  elevated  temperature.  For  most  materials,  both  the 
modulus  of  elasticity  and  coefficient  of  thermal  expansion  change  with 
temperature.  Thus,  the  history  of  the  temperature  distribution  in  reach¬ 
ing  the  extremes  of  the  thermal  cycle  affects  the  degree  and  rate  of  the 
stress  and  strain  to  which  the  material  is  subjected.  Annealing,  hot- 
working,  recrystallization,  and  grain  growth  may  result  from  the  tempera¬ 
ture  and  time  effects  of  the  cycle.  These  factors  may  influence  the  stress- 
strain  curve,  the  ductility,  the  strength,  and  even  the  deformation  mecha¬ 
nism  of  the  material.  Corrosion  of  the  nozzle  material  under  operating 
conditions  may  lend  thermal  fatigue  data  obtained  in  the  laboratory  invalid 
for  application  because  at  elevated  temperature  the  effect  of  temperature 
is  superimposed  on  that  of  the  strain,  and  any  transformation  is  likely  to 
be  more  pronounced. 

The  review  of  Yen  summarized  above  is  based  on  considerations  applicable 
to  ductile  materials.  Indeed  the  preponderance  of  fatigue  acd  thermal 
fatigue  data  deals  exclusively  with  ductile  materials.  Forrest, ^-27 
discussing  the  literature  on  thermal  fatigue,  says  on  page  261,  "No  meution 
has  been  made  of  thermal  fatigue  in  non-smtals.  The  thermal  fatigue 
resistance  of  ceramics  is  poor  because  of  their  brittledess  and  this  is 
one  of  the  reasons  that  has  restricted  their  use.”  And  Pope,^®  on  page 
221  points  our,  "From  the  engineering  point  of  viev  a  less  important 
variety  of  cast  irons  are  the  white  and  chilled  cast  irons  which  consist 
entirely  or  in  part  of  a  hard  brittle  white  cast  iron  containing  no 
graphite.  Such  irons  are  rarely  used  in  components  where  fatigue  is 
important,  except  perhaps  as  rolls  in  rolling  mills.  In  any  case,  so 
little  data  are  available  on  the  fatigue  properties  that  it  has  been 
necessary  to  ignore  them  in  this  acecunt.” 
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In  searching  the  literature,  it  quickly  becomes  evident  that  fatigue 
behavior  of  brittle  net aria la  has  not  been  the  subject  of  extensive 
investigation.  This  is  largely  because  brittle  aaterlals  are  not  usually 
employed  in  structures  subjected  to  large  cyclic  loads.  In  almost  all  of 
the  thermal  fatigue  work  reported  to.,  date,  only  ductile  materials  have 
been  considered.  In  these  materials,  crack  propagation  is,  in  effect, 
slowed  by  the  formation  of  a  plastic  region  at  the  crack  tip.  It  has 
recently  been  reported 29  that  for  some  very  ductile  aaterlals  crack 
nu*.l«atlon  Is  accomplished  in  less  that  25  percent  of  the  mechanical 
fatigue  life,  while  propagation  of  the  crack  covers  over  75  percent  of  the 
life.  However,  for  brittle  materials  propagation  of  a  crack  to  the 
critical  length  could  occur  relatively  soon  after  nucleation  and  the  major 
portion  of  the  fatigue  life  could  be  involved  with  crack  nucleation. 

One  item  uncovered  on  brittle  mcterials  is  that  of  Barcn  and  Bloomfield. 3.30 
Cracking  was  produced  in  test  pieces  of  chilled  white  lion,  engineering 
grey  iron,  and  two  casts  of  nodular  iron  t»y  repeated  heating  of  ocs  edge 
of  the  specimen  while  the  mass  of  the  specimen  was  water  cooled.  The 
large  cool  suss  largely  prevents  expansion  of  the  heated  edge,  and  the 
resulting  thermal  stresses  eventually  initiate  cracks  normal  to  the  edg  . 

The  tesqmrature  of  the  heated  edge  is  the  only  index  to  loading  or  loading 
severity.  The  results  of  the  tests  are  presented  in  Figure  3-18.  It  Is 
interesting  to  note  that  the  shapes  of  the  curves  can  be  roughly  correlated 
to  the  ductility  of  le  material.  The  white  iron  is  quite  brittle  and 
exhibits  a  very  flat  fatigue  curve.  Taking  the  properties  of  the  grey 
iron  reported  (tensile  strength  of  30,000  psi,  modulus  of  15.4  x  106  psi, 
and  an  elongation  of  0.3  percent)  a  ductile  strain  of  0.04  percent  is 
cosqnsted.  The  accuracy  of  prediction  of  ductility  for  this  material  is 
questionable;  however,  its  brittleness  should  not  be  so  pronounced  as  that 
of  the  chilled  white  iron.  The  nodular  iron  is  ductile  and  characteristi¬ 
cally  exhibits  elongations  of  about  8  percent  or  a  little  greater.  The 
white  iron  has  a  fairly  flat  fatigue  curve;  the  grey  iron  shows  a  curve 
with  not  only  greater  fatigue  life  but  also  with  more  slope;  the  nodular 
iron  exhibits  much  greater  life  in  the  lower  cycle  range  and  a  still 
greater  slope. 

For  an  extremely  brittle  material,  such  as  tha  chilled  whire  iron,  one 
must  critically  question  the  implication  of  fatigue  life.  At  a  maximum 
temperature  of  6Q0°C ,  the  i*tigue  life  ranged  from  approximately  6  to  25 
cycles  as  read  from  the  curve.  At  a  maximum  temperature  of  $G0°C,  the 
range  was  approximately  80  to  700  cycles.  Thus  for  an  18  percent  decrease 
in  the  loading  index,  the  fat ' ^ue  life  spans  over  two  orders  or  magnitude. 

In  a  hardware  application,  one  would  have  to  be  able  to  predict  rather 
precisely  the  loading  in  order  to  have  any  confidence  in  such  a  fatigue 
life. 
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FIGURE  3-L8.  EFFECT  OF  THE  MAXIMUM  TEMPERATURE  IN  THE  CXCI*E  ON  THE  FATIGUE  LIFE 
(MINIMUM  TEMPERATURE  40°C)(FR0M  REFERENCE  3-30) 


In  one  rather  extensive  review  3. 31  0f  thermal  fatigue,  several  literature 
items  relating  to  brittle  materials  are  covered.  Since  most  of  these 
items  are  of  British  publication,  the  originals  were  not  sought.  Those 
references  dealing  with  thermal  fatigue  of  brittle  materials,  mostly  cast 
irons,  are  listed  in  this  report  as  References  3.32  through  3.39. 

The  first  experimental  thermal  fatigue  data  3.40  0n  tungsten  and  pyrolytic 
graphite  became  available  about  midway  through  the  program.  Tungsten  and 
pyrolytic  graphite  rods  1/4  inch  x  3  inches  were  cycled  between  400  and 
5000°F.  Both  notched  and  unnotched  Specimens  were  tested  under  full 
restraint.  Some  specimens  were  cycled  25  times  and  others  50  times  in 
order  to  meet  a  20-cycle  objective.  No  thermal  crack  was  observed 
in  any  of  the  test  specimens.  These  data  represent  a  giant  stride 
toward  establishing  the  existence  of  thermal  fatigue  problems  with  these 
two  materials.  However,  since  the  testing  reported  did  not  include  certain 
information  which  was  felt  to  be  pertinent  nor  did  the  investigation 
include  certain  considerations  which  were  felt  to  have  a  great  bearing  on 
the  applicability  of  the  test  data  to  restartable  solid  nozzles,  the 
principal  investigator  was  contacted  by  telephone.  3.41  A  brief  discussion 
of  the  items  covered  follows: 

(1)  The  notch  root  radius  of  0.005  inch  was  the  lower 
limit  of  the  machining  technique  used  in  the 
reported  investigation.  No  attempt  was  made  to 
introduce  a  sharper  notch.  As  is  pointed  out 
below,  a  crack,  tip  of  0.0001  inch  radius  is 
critical  for  tungsten.  Such  sharp  cracks  can  be 
initiated  by  corrosive  attack  in  solid  nozzles. 

(2)  The  tungsten  rods  suffered  column  buckling  at  the 
higher  temperatures.  Such  buckling  substitutes 
an  eccentrically  caused  stress  distribution  for 
full  thermal  restraint. 

(3)  The  samples  were  secured  in  the  test  fixture  by 
set  screws.  Such  devices  raise  the  serious  ques¬ 
tion  of  how  well  the  specimens  were  restrained 

in  tension  at  the  low  temperature  portion  of  the 
cycle . 

(4)  The  groove  was  introduced  into  the  pyrolytic  graph¬ 
ite  randomly.  It  was  not  known  whether  the  groove 
was  in  the  edge-grain  of  the  material,  or  in  the 
a-b  faces,  or  in  some  oblique  orientation.  If  the 
groove  were  introduced  so  as  to  propagate  a  crack 
across  the  basal  planes  of  the  material,  the  planes 
themselves  would  serve  as  crack  stoppers.  A  groove 
across  the  edge  grain  of  the  material  would  be  in 
the  same  direction  as  a  critical  crack  in  a  pyro¬ 
lytic  graphite  washer  nozzle. 
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The  data  reported3*40  indicate  that  thermal  fatigue  may  not  be  a  serious 
problem  for  tungsten  and  pyrolytic  graphite  in  restartable  solid  nozzle 
applications.  It  appears  that  this  intH cation  is  of  a  preliminary  nature 
only  and  further  investigation,  including  the  effects  of  corrosion  initi¬ 
ated  cracking,  is  certainly  warranted  before  firm  conclusions  can  be  made. 

3.5.3  DUCTILE  AND  BRITTLE  CONSIDERATIONS 

The  refractory  materials  used  in  rocket  nozzles  are  brittle  over  some 
portion  of  their  operating  temperature  range.  Indeed  some  graphites  display 
essentially  a  brittle  behavior  over  as  much  as  80  percent  of  their  operat¬ 
ing  temperature  range.  Tungsten,  depending  upon  recrystallization  and  how 
.it  was  manufactured,  has  a  brittle-ductile  transition  temperature  of  about 
350°C.  Pyrolytic  graphite  and  ATJ  graphite  are  definitely  brittle  at 
1650°C  and  display  no  appreciable  ductility  below  2200°C.  Thus,  these 
materials  may  be  subjected  to  thermal  cycling  in  both  the  brittle  and 
ductile  ranges.  As  a  consequence,  the  thermal  fatigue  behavior  of  the 
candidate  materials  is  important  not  only  in  the  ductile  range  but  also 
in  the  brittle  range. 

Considering  that  brittle  fracture  is  usually  associated  with  the  develop¬ 
ment  of  some  critical  crack  length,  such  as  is  involved  in  the  Griffith  or 
Orowan  theory,  one  might  question  the  applicability  of  a  fatigue  life. 
Considering  that  fatigue  is  concerned  with  the  nuc at ion  and  propagation 
of  a  crack  in  a  brittle  material,  one  would  suspect  that  the  development  of 
a  crack  of  critical  length  would  be  highly  dependent  upon  any  micro- 
structural  flaws  which  existed  in  the  material  initially.  Since  there  can 
exist  no  plastic  zone  at  the  crack  tip  to  attenuate  crack  growth,  one  would 
surmise  that  the  crack  might  propagate  very  rapidly.  The  major  portion  of 
the  fatigue  life  would  then  be  the  crack  nucleation  period,  while  the 
propagation  would  account  for  only  a  minor  fraction  of  the  life.  Then 
fatigue  life  would  depend  upon  the  initial  flaws  in  the  material  and  would 
be  more  of  a  statistical  phenomenon. 

Any  fatigue  life  data  gathered  for  brittle  materials  might  be  expected  to 
show  a  great  deal  of  scatter.  This  can  be  seen  in  the  data  of  Baion  and 
Bloomfield  shown  in  Figure  3-18.  This  scatter  probably  reflects  the  same 
sort  of  scatter  that  is  exhibited  by  strength  data  of  brittle  materials. 
Also,  one  would  expect  the  data  to  be  dependent  on  the  size  of  L’e  test 
specimen.  Since  it  has  been  reasoned  that  fatigue  life  is  depe  dent  on 
the  existence  of  initial  microstructural  flaws,  a  small  sample  would  have 
a  lower  probability  of  exhibiting  such  a  flaw  than  a  large  sample,  and 
should,  therefore,  show  a  greater  fatigue  life. 
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If  a  crack  nucleates  under  plastic  straining  in  the  ductile  range,  the 
material  may  have  quite  an  extended  life  if  the  thermal  cycling  is 
conducted  without  dropping  below  the  brittle  transition  temperature.  The 
propagation  of  the  crack  could  proceed  systematically  in  the  ductile  range, 
while  one  excursion  into  the  brittle  range  may  result  in  an  immediate 
brittle  fracture.  Likewise,  a  crack  nucleated  in  the  brittle  range  may 
propagate  slowly  if  subsequent  thermal  cycling  is  conducted  only  in  the 
ductile  range. 

With  the  candidate  refractory  materials  operating  in  a  desirable  tempera¬ 
ture  range,  this  program  was  faced  not  only  with  the  difficult  problem  of 
classic  thermal  fatigue  in  the  ductile  range  (which  is  complex  enough), 
and  not  only  with  the  difficult  problem  of  thermal  fatigue  in  the  brittle 
range,  but  also  with  the  problem  of  combining  the  two. 

There  were  several  alternatives: 


(1)  Restrict  the  nozzle,  after  the  first  firing,  to 
operation  only  in  the  ductile  range  of  the  par¬ 
ticular  material.  Ihi*  materials  then  could  be 
investigated  in  the  ductile  region  where  some 
existing  theory  of  therm,  l  fatigue,  based  on 
repeated  plastic  strainin,-  • 

This  would  severely  rcstri 
graphites  since  they  would 
from  falling  below  about  7 
mentioned  that  ATJ  may  be  t 
tion  below  this  temporal urc 
considerations  and  may  thu;i 
ductile.  For  tungsten  this  r 
a  restriction  since  this  mate, 
be  permitted  to  drop  to  about  • 
ductility  after  recrystulllzu' lo 


could  be  applied, 
the  cooldown  of  the 
ihably  be  prohibited 
r. .  It  should  be 
,’s*:te«i  to  opera- 
husc  of  corrosion 
rulv  become 
be  so  severe 
u'.d  probably 
assure  its 


(2)  Assume  that  it  is  too  restrictive  to  prohibit 
temperatures  to  drop  to  the  brittle  range  after 
the  initial  firing  and  that  the  materials  will 
cycle  in  the  brittle  region.  Since  a  shorter 
crack  can  be  tolerated  in  the  brittle  regime, 
this  is  the  critical  regime.  Assume  that  cracks 
will  nucleate  at  least  as  easily  in  the  brittle 
regime  as  in  the  ductile.  Considering  tnat 
within  the  brittle  region  materials  properties 
(strength,  modulus,  and  expansion  coefficient) 
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do  not  vary  over  very  wide  ranges,  there  should 
not  be  much  difference  between  thermal  fatigue 
and  mechanical  fatigue.  (The  exception  here  may 
be  tungsten,  which  could  possibly  undergo  some 
microstructural  changes  during  brittle  strain¬ 
ing.)  Then  all  materials  could  be'  tested  in  the 
brittle  range  in  mechanical  fatigue  with  con¬ 
servative  application  of  the  results  to  thermal 
fatigue  over  the  entire  thermal  cycle  range. 

(3)  Define  minimum  and  maximum  temperature  extremes 
which  the  materials  will  experience  in  the  rocket 
nozzle  and  devise  a  conservative  test  (such  as 

XX  percent  restraint)  to  investigate  the 
materials  while  being  cycled  between  these 
extremes . 

(4)  Use  a  combination  of  the  above  approaches  which 
can  be  selectively  applied  to  the  several 
materials.  For  instance,  the  brittle  only 
assumption  may  be  applied  to  ATJ  since  it  will 
probably  not  be  permitted  to  go  ductile  in  a 
nozzle  application.  Tungsten  and  pyrolytic 
graphite  could  be  cycled  between  temperature 
extremes . 

3.5.4  SPECIFIC  MATERIAL  CONSIDERATIONS  AND  TEST  PLANS 

In  order  to  maintain  the  greatest  flexibility  of  duty  cycle,  all  three 
candidate  materials  (tungsten,  ATJ  graphite,  and  pyrolytic  graphite)  are 
considered  to  operate  in  a  high  temperature  range  where  some  micro- 
structural  changes  may  take  place.  At  the  same  time,  all  materials  are 
considered  to  be  thermally  cycled  into  temperature  regions  where  they  are 
inherently  brittle.  This  negates  any  standard  thermal  fatigue  approach  to 
the  problem  but  necessitates  the  examination  of  material  characteristics 
in  the  whole  spectrum  of  its  solid  state.  However,  the  task  was  to 
simplify,  where  possible,  so  as  to  work  within  the  scope  of  the  program. 
This  immediately  limited  the  definitiveness  with  which  experiments  could 
be  planned  and  it  should  be  emphasized  that  the  program  delineated  below 
is  subjected  to  this  limitation.  ,  Since  more  is  known  about  the  ductile 
and  brittle  characteristics  of  tungsten  as  well  as  its  recrystallization 
and  oxidation  behavior,  this  material  is  discussed  first.  This  is 
followed  by  a  discussion  of  ATJ  graphite  and  pyrolytic  graphite  along  with 
a  proposed  experimental  plan  for  each  material. 


In  view  of  the  favorable  negative  indication  of  the  thermal  fatigue 
data3*40  discussed  in  Paragraph  3*5.2,  a  decision  was  reached  that  no 
experimental  program  would  be  conducted  in  this  area.  The  discussion  and 
program  delineated  below  are  included  because  of  their  significance  to  the 
problem  and  because  they  form  a  logical  basis  for  the  next  step  in  this 
area  when  further  work  becomes  necessary. 

a.  Tungsten.  -In  determining  the  significant  variables  for  this 
material,  it  should  be  realised  that  maximum  flexibility  in  the  restart 
capability  is  desirable.  This  dictates  designing  for  the  ambient  tempera¬ 
ture  of  deep  space  which  is  well  below  the  ductile-brittle  transition 
temperature  for  polycrystalline  tungsten.  Therefore,  both  high- temperature 
plastic  thermal  cycling  low-temperature  brittle  fracture  must  be 
cor  dered  with  the  thought  that  there  may  be  a  single  limiting  parameter. 

(1)  High  Temperature  Range.  At  the  very  high  temperatures,  classic 
thermal  fatigue  resulting  from  cyclic  exhaustion  of  plastic  strain  is 
possible.  In  this  type  of  failure  mechanism,  the  important  considerations 
are  maximum  temperature,  time  at  tempera tur,  heating  and  cooling  rates, 
amount  of  plastic  flow  as  determined  by  the  degree  of  constraint  and 
number  of  cycles  to  failure.  The  maximum  temperature  is  probably  most 
critical  in  that  both  plastic  flow  properties  and  microstructural  changes 
occur  more  readily  with  increasing  temperature.  Both  of  these  are  detri¬ 
mental  to  thermal  fatigue  life.  For  example,  Kennedy-**^  has  found  that 
the  thermal  fatigue  life  of  course -grained  Inconel  was  one-half  that  of 
the  fine-grained  material  in  tests  where  the  maximum  temperature  was  well 
below  those  where  grain  growth  occurs.  One  might  expect  that  cycling  into 
the  temperature  region  where  recrystallisation  and  grain  growth  easily 
occur,  as  is  the  case  for  tungsten,  would  even  be  more  detrimental. 
Similarly,  the  time  at  maximum  temperature  has  been  shown  to  slightly 
reduce  the  thermal  fatigue  life  of  stainless  steel. 

The  final  criterion  for  thermal  fatigue  failure  embodies  the  amount  of 
plastic  flow  per  cycle  as  determined  by  the  degree  of  constraint  and  the 
cooling  rate  and  the  number  of  cycles.  For  example,  under  fully  con¬ 
strained  conditions,  plastic  flow  of  about  one  percent  in  compression  may 
occur  near  5000°F  (2760°C)  since  the  strength  of  tungsten  is  only  about 
2  to  6  ksi.  With  rapid  cooling  rates,  very  high  residual  tensile  stresses 
will  exist,  tfith  slow  cooling  rates,  the  material  may  creep  to  relieve 
the  constrained  condition.  Considering  the  cooling  rate  in  a  typical 
0. 38-inch- thick  shell,  the  tungsten  could  creep  to  a  strain  of  at  least 
0.5  percent  under  a  stress  of  9  ksi  in  the  time  it  takes  to  cool  from 
5500°F  (3040°C)  to  3500°F  (1930°C).  Even  at  temperatures  as  low  as 
2500°F  (1370°C)  where  the  cooling  rate  is  very  slow,  some  creep  is 
possible  et  stresses  on  the  order  of  30  ksi.  Thus,  the  restrained  con¬ 
dition  could  be  relieved  by  creep,  and  a  similar  cycle  could  be  repeated 
on  the  subsequent  firing.  This  would  result  in  the  classic  type  of 
thermal  fatigue. 
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Superimposed  upon  these  obvious  variables  is  the  fact  that  crack  and  void 
formation  may  take  place  during  thermal  cycling  of  nozzle  materials.  This 
could  be  quite  serious  since  Coffin ^*43  has  shown  that  e  ui1.d  stress 
concentration  may  reduce  the  fatigue  life  by  a  factor  of  five.  Thus, 
cyclic  propagation  of  sub-size  Griffith  cracks  could  prove  deleterious  to 
thermal  fatigue  life.  That  is,  if  the  stress  at  the  low  temperature  of 
the  fatigue  cycle  were  sufficiently  small,  crack*  cf  a  certain  size  would 
not  propagate.  These  could,  however,  decrease  the  fatigue  life  In  the 
high  temperature  range.  Not  only  could  sub-sise  Griffith  cracks  reduce 
the  fatigue  life,  but  void  formation  from  hiph  temperature  creep  and 
intergranular  corrosion  from  the  high  temperature  gaseous  environment  also 
could  reduce  the  fatigue  life. 

(2)  Surface  Condition.  In  the  inside  surface  of  the  nossle,  erosion 
and  corrosion  may  produce  an  irregular  surface  with  many  sources  of 
potential  failure.  For  example,  in  Figure  3rl9  cracks  about  0.060  inch 
deep  ere  found  throughout  the  section  or  a  tungsten  washer  that  was  fired 
only  once.  (This  material  was  ured  on  another  program:  Contract  No. 

AF  04(611)-8387.)  All  of  these  cracks  seem  to  emanate  from  the  internal 
surface  and  form  an  intergranular  crack  as  is  seen  at  higher  magnifica¬ 
tion  in  Figure  3-20.  These  cricks  would  .be  potenti.il  sources  of  inter¬ 
granular  corrosion  during  the  next  firing  and  would  eventually  cause 
failure.  Perhaps  even  more  Important  than  the  effect  of  the  surface 
condition  on  classic  thermal  fatigue  would  be  its  enhancement  of  crack 
growth  which  could  cause  brittle  fracture  at  ambient  temperatures.  That 
is,  if  intergranular  corrosive  attack  or  carbide  precipitation  at  grain 
boundaries  occurs,  the  energy  required  to  propagate  a  crack  intergranu- 
larly  would  be  much  less  and  long  cracks  would  eventually  form. 

(3)  Low  Temperature  Range.  Propagation  of  Griffith-size  cracks  at 
low  temperature  may  well  be  the  limiting  factor  in  the  number  of  restarts 
a  nozzle  may  achieve.  The  Griffith^>44  theory  for  brittle  solids  is  an 
energy  concept  based  upon  the  fact  that  the  decrease  in  the  strain  energy 
of  a  system  must  be  slightly  greater  than  the  increase  in  energy  from  the 
formation  of  new  surfaces.  The  condition  for  the  propagation  of  an  exist¬ 
ing  crack  of  length  2C  follows  from  the  Inglls^*^  stress  analysis. 


where  0  is  the  applied  stress  on  the  system,  B  is  the  elastic  modulus  and 
T  is  the  surface  energy  term. 
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FIRED  ONCE  (IOOX) 


Orowan  ^*46  an<j  Irwin3.47  applied  the  Griffith  concept  to  more  ductile 
materials  Independently  modifying  the  classic  Griffith  theory  to  allow 
for  plastic  energy  dissipation  as  well  as  the  energy  required  to  form  new 
surfaces.  Thus,  they  redefine  Equation  (3.65)  to 


where  Gc  is  the  energy  release  rate  taking  into  account  both  surface 
energy  and  plastic  strain  energy.  Schroder, et  al.,^-48  found  that  poly¬ 
crystalline  tungsten  follows  the  Griffith  type  criterion  in  that  the 
squr  -root  characteristic  of  the  crack  length  versus  applied  stress  was 
obser  d.  His  measured  values  of  the  energy  for  crack  propagation, 
howev  r,  were  much  larger  than  the  true  surface  energy  of  tungsten.  Some 
values  for  the  true  surface  energy  of  several  materials  are  given  in 
Table  3.3  along  with  some  theoretical  or  empirical  estimates.  Except  as 
noted,  the  data  in  this  table  were  takeu  from  Reference  3.49. 

TABLE  3.3 

VALUES  OF  SURFACE  TENSION 
Surface  Tension 


Metal 

Experiments 

Breger 

Glauberman 

Kunln 

Zadumkin 

Fe 

1409  ergs/cm^ 

2480 

1427 

1210 

1180  ' 

Ag 

927 

2170 

810 

923 

940 

Na 

191 

777 

208 

206 

223 

Mo 

2240  (Ref.  3.50) 

---- 

---- 

681 

'*  1530 

H 

3000  (Estimated) 

---- 

---- 

970 

1900 

Based  upon  the  relatively  good  agreement  between  theory  and  experiment, 

the  value  for  tungsten  was  estimated  to  be  3000  ergs/cm4  Using  the 

Irwin  modification,  Schroder3.48  calculated  the  fracture  toughness,  K  , 

c 


( 3. 6  7 } 


of  recrystallized  tungsten  to  be  6.2  ksi  Vin.  This  yields  a  Cc  value  of 
0.77  Ib/ln.or  135,000  ergs/cm-  which  is  much  more  than  one  order  of 
magnitude  greater  than  the  true  surface  energy  value.  This  discrepancy 
is  partially  attributed  to  plastic  deformation  at  the  crack  tip  and  the 
effect  of  grain  boundaries.  The  grain  boundary  allows  the  very  sharp 
characteristic  of  the  crack  to  be  removed  when  the  crack  tip  inteisects 
the  grain  boundary.  Thus,  the  greater  the  grain  boundary  area,  the  more 
the  crack  is  impeded  while  propagating  transgranularly.  This  is  one 
reason  why  Ault  attributes  large  grain  refractory  metals  to  having  a 
lower  fracture  energy  than  fine  grained  ones. 
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Another  possibility  for  the  high  value  measured  for  tungsten  is  that  the 
specimens  used  had  machined  notches  with  root  radii  of  about  0.003  inch. 

The  resulting  stress  concentration  is  not  sufficient  to  simulate  a  natural 
crack.  Gerberich^*^  has  confirmed  that  the  root  radius  required  to  measure 
the  true  characteristics  of  crack  propagation  must  be  smaller  than, 

2 

K 

f>  *  ~T  0.68) 

c  *  2 

2019  y> 

where  K  is  the  fracture  toughness  and  <JyS  is  the  yield  strength  of  the 
material.  Utilizing  the  measured  value  of  Kc  (which  is  an  upper  bound)  and 
«  yield  strength  of  about  80  ksi  gives  a  pc  of  0.0001  inch,  which  is  much 
smaller  than  the  0.003-inch  radius  used.  Tests  with  sharper  notches,  such 
as  tnose  introduced  by  fatigue  cracking,  would  probably  yield  smaller  values 
of  Kc„  Thus,  the  value  of  energy,  release  rate  for  crack  propagation  of 
concern  should  he  between  the  lower  limit  of  3000  ergs/cm^  or  0.0171  lb/in. 
to  an  upper  bound  of  0.77  Ib/in.  Utilizing  these  two-extremes  allows  the 
calculation  of  tensile  stresses  which  may  cause  failure  in  tungsten  inserts. 

As  a  first  case,  assume  a  surface  abrasion  fr^z.  machining  or  from  the 
combined  corrosive  and  stress  environment  of  the  first  firing  to  give  a 
small  crac<  0.006  inch  deep.  Utilizing  the  minimum  and  maximum  values  of 
fracture  toughness  gives  a  tensile  failure  stress  ranging  from  6740  to 
45,000  psi.  Since  the  upper  value  is  probably  more  realistic,  this  may 
not  be  a  limiting  condition  since  the  tensile  stress  would  have  to  be 
developed  at  temperatures  below  the  ductile-brittle  transition  temperature. 

As  a  second  case,  assume  that  a  fairly  gross  crack  has  developed  either 
through  a  shock  loading,  repeated  cycling,  or  from  the  corrosive  environ¬ 
ment.  For  example,  take  the  average  crack  depth  of  0.0o0  inch  that  is 
observed  in  Figure  3-19.  With  the  range  of  fracture  toughness  possible, 
tensile  stresses  varying  from  2130  psi  to  14,300  psi  may  cause  failure. 

Thus,  any  microscopic  flaw  of  this  dimension  would  probably  cause  failure. 

In  summary,  if  high  temperature  creep  is  sufticient  to  relieve  all  stresses 
at  temperatures  below  the  ductile-brittle  transition  temperature,  the 
classic  type  of  thermal  fatigue  may  predominate.  On  the  other  hand,  if  a 
tensile  stress  exists  at  low  temperatures,  there  is  a  probability  that 
brittle  fracture  will  occur  on  the  first  or  second  cycle.  The  intermediate 
situation  is  that  sabsize  Griffith  cracks  will  form  and  grow  at  the  high 
temperature  reaching  a  size  that  will  result  in  catastrophic  failure  at 
low  stress  level  temperatures. 

(41  Experimental  Plan.  A  very  few  tests  could  he  performed  to  deter¬ 
mine  which  fracture  phenomenon  is  likely  to  predominate.  First,  in  order 
to  represent  the  most  extreme  condition,  consideration  should  be  given  to 
the  effect  of  carbon  diffusion  into  grain  boundaries  and  how  this  might 
affect  the  energy  for  crack  propagation.  This  is  isportant,  as  carbon  will 
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diffuse  into  the  backside  of  an  insert  on  the  first  firing;  on  the  second 
cycle  during  heating,  verv  high  tensile  stresses  will  be  involved  which 
may  cause  fai’ure.  Therefore,  the  following  tests  a^e  recommended  with 
a  temperature  cycle  of  150°F  (65°C)  to  5000°F  (2760°C)  and  a  maximum 
cooling  rate  with  the  specimens  at  least  90-percent  constrained  from 
thermal  expansion: 

(a)  Two  specimens  with  a  polished  surface 

(b)  One  specimen  with  a  polished  surface,  carburized  at 
the  maximum  backwall  temperature  for  5  minutes 

(c)  One  specimen  with  a  shallow  notch  (0.005  inch  t' 

0.010  inch  deep) 

(d)  One  specimen  with  a  shallow  notch,  c..rburized 

at  the  maximum  backwall  temperature  for  5  minutes 

(e)  One  specimen  with  a  deep  notch  (0.060  ir  :h  deep! 

(f)  Or.  specimen  with  a  de  p  no.ch,  carburize,  as 
above 

Seven  test  specimens  would  be  involved  with  a  maximum  nu  jer  of  100  cycles 
being  run  on  any  one  condition.  In  preparing  these  test  ,  it  is  recommended 
that  fat  gue  c  acking  of  machine  notches  be  used  to  itroduce  natural 
cracks  so  that  the  seriousness  of  the  problem  may  be  assessed.  With  this 
spectrum  of  ests  and  the  ability  to  monitor  temperature  and  loading,  infor¬ 
mation  oi  the  actual  energy  release  rate,  critical  failure  stress,  and  the 
effect  or  temperature  and  environment  on  crack  growth  would  be  forthcoming. 

b.  ATJ  Cray  hi  re.  Thermal  fatigue  behavior  of  ATJ  graphite  is  dis¬ 
cussed  in  thv  suhseauent  paragraphs. 

(1)  High  Temperature  Region.  It  is  doubtful  that  the  classic  type  of 
thermal  fatigue  would  result  in  the  temperature  range  being  utilized  tor 
ATJ  graphite.  The  .maximum  service  temperature  ^(  about  23Q0°O  is  in  tut 
range  in  vh  ch  creep  ,_y  occur 3. -3  but  it  is  so  slow  that  little  microscopic 
flow  could  take  pin--  in  order  to  obt  in  plastic  thermal  fatigue  behavior. 
However,  at  this  tamper,  ure  s  me  microscopic  changes  could  take  place 
which  might  be  of  significance  at  the  lovi  r  temperatures. 

(2)  Low  Temper ’Cure  Regio.  .  Brittle  fracture  is  possible  in  the 
whole  spectrum  oi  temperatures  within  which  ATJ  graphite  is  to  be  utilized. 
The  classic  type  of  Criffith  concept  is  ..ppropriate  since  the  material  is 

a  very  brittle  solid  capable  of  very  little  inelastic  deformation.  The 
limiting  condition  is  that  the  pitch-coke  graphites  are  extremciv  inhomo¬ 
geneous  and  therefore  have  inherently  large  flaws  which  make  the-,  inherent  Iv 
weak  to  start  with.  Theroe r ical  values,  for  tN>  true  surface  e:.crgv  in 
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graphite  crystals  is  given  by  Bruce. For  the  stress  parallel  to  the 
basal  planes  it  is  5470  to  6320  ergs/cm'.  From  some  data  on  pitch-coke 
graphite  by  Martens  and  Kot lensky  3. 55  the  deduced  value  of  surface  energy 
from  mechanical  tensile  tests  ranges  from  2000  to  4000  ergs/cm-  which  is 
within  the  range  of  the  theoretical  values.  Based  upon  the  range  of  true 
surface  energy  and  the  anisotropic  effects  of  the  crystallites,  critical 
flaw  sizes  ranging  from  0.01  to  0.05  inch  may  be  calculated.  Flaws  of  these 
sizes  are  already  inherent  in  the  molded  graphite  material  so  that  sub¬ 
size  Griffith  crack  propagation  is  probably  the  most  likely  failure  mech¬ 
anism  at  stresses  short  of  the  tensile  strength. 

(3)  Experimental  Plan.  The  experimental  approach  would  be  to  deter¬ 
mine  if  the  high  temperature  does  have  an  effect  on  the  microstructure  and/ 
or  fatigue  life.  It  is  also  desirable  to  determine  if  a  corrosive  atmosphere 
can  degrade  the  fatigue  life  of  ATJ  graphite.  With  these  thoughts  in 
mind,  the  following  tests  are  suggested: 

(a)  Since  temperature  may  be  of  small  consequence  in 
determining  fatigue  behavior,  run  a  standard  S-N 
curve  at  room  temperature  in  tension-tension 
fatigue  with  1000  cycles  being  the  upper  limit 
of  ..he  run.  A  maximum  of  20  specimens  w.  jld  be 
utilized  with  the  initial  stress  level  being 
90  percent  of  the  tensile  strength.  Adjust¬ 
ments  may  be  made  in  the  stress  level  to  i  rolong 
or  shorten  the  fatigue  life. 

(bj  Hold  three  specimens  under  the  maximum  tensile 
stress  and  temperature  condition  for  1  hour. 

With  one  specimen  observe  any  mi c rostrum  oral 
changes.  Run  the  ocher  two  at  the  stress 
level  where  failure  previously  occurred  in 
about  100  cycles  and  compare. 

(c)  Hold  two  specimens  in  a  CO2  atmosphere  for 
3  minutes  at  4000°-'  (2200°C).  Fatigue  at 
room  temperature  using  the  same  stress  level 
as  in  test  condition  (b). 

c.  Pyrolytic  Graphite.  The  extreme  anisotropic  behavior  ot  pvrolwic 
graphite  injects  a  large  degree  ot  uncertainty  in  projecting  what  the  thermal 
fatigue  behavior  “ay  be. 

(1)  High  Temperature  Begion.  Thermal  cycling  into  the  5GOOl’F  (,2760°O 
range  not  only  may  cause  creep  and  void  for-atinn,  but  it  also  may  produce 
soft-  interesting  trlcrostruetural  changes.  Kot  lensky-** has  shown  that 
hot-working  pyrolytic  graphite  at  temperatures  near  5000°F  (2?bO''C3  will 
change  the  growth  cone  a, pearance  and  result  in  much  higher  tensile 
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properties.  With  deformations  in  the  range  of  12  to  22  percent,  the  growth 
cone  appearance  is  completely  removed  and  the  tensile  strength  at  room 
temperature  is  increased  from  17,800  to  46,000  psi.  With  larger  deforma¬ 
tions  up  to  38  percent  at  5000°F  (2760°C),  microcracks  are  introduced 
which  result  in  a  lower  strengtn  of  31,000  psi.  Small  deformations,  up  to 
5  percent,  did  not  change  the  microstructural  appearance  and  resulted  in 
minor  strength  increases.  However,  accumulative  plastic  strain  from  thermal 
cycling  may  have  a  similar  result  as  a  single  large  deformation  so  that 
this  possibility  should  not  be  overlooked. 

(2)  Low  Temperature  Region.  At  room  temperature,  the  tensile  strength 
of  pyrolytic  graphite  is  about  15,000  psi  in  the  direction  of  the  layer 
planes  and  about  700  psi  perpendicular  to  them.  Fortunately,  the  directions 
of  high  strength  and  high  thermal  conductivity  can  be  utilized  in  design. 

The  apparent  surface  energy  for  crack  propagation  across  layer  planes  in 
pyrolytic  graphite  may  be  calculated  from  mechanical  property  data^*^5  to 

be  about  26,000  ergs/cm^  which  is  at  least  a  factor  of  five  greater  than 
that  of  ATJ  graphite.  Of  course,  with  the  stress  acting  perpendicular  to 
the  layer  planes,  the  resistance  to  crack  propagation  is  extremely  low  and 
delaminafion  will  readily  occur.  The  fact  that  the  apparent  surface  energy 
it1  pyrolytic  graphite  is  increased  over  ATJ  means  that  for  the  same  stress 
level  greater  flaws  may  be  tolerated  in  pyrolytic  graphite.  However,  the 
very  fact  that  the  strength  of  pyrolytic  graphite  is  a  factor  of  five 
greater  than  ATJ  means  that  a  material  with  a  smaller  initial  flaw  size  has 
been  manufactured.  Actually,  if  the  two  materials  are  to  be  designed  to 
their  respective  tensile  strength  levels  at  room  temperature,  the  pyrolytic 
graphite  can  withstand  smaller  flaws  than  the  ATJ.  This  means  that  prior 
structural  changes  may  be  more  significant  to  pyrolytic  graphite  than  to 
ATJ.  From  microcrack  and  mechanical  properties  observations,  the  apparent 
surface  energy  of  hot-worked  pyrolytic  graphite  is  85,000  ergs/cm^  which  is 
more  than  three  times  as  great  as  as-deposited  pyrolytic  graphite.  Thus, 
if  the  uesign  stress  for  hot-worked  pyrolytic  graphite  is  similar  to  that 
of  as* deposited  pyrolytic  graphite,  a  real  advantage  might  be  ga  ied  in 
that  the  resistance  to  microcrack  propagation  would  be  greater.  It  should 
be  cautioned,  however,  that  not-work  may  degrade  the  basal  shear  strength  by 
a  factor  of  four^-56.  However,  since  this  may  not  he  a  critical  design 
problem,  the  hot-worked  pyrolytic  graphite  should  be  considered  as  a  poten¬ 
tial  material  if  necessary. 

(3)  Experimental  Plan.  Six  specimens  a  e  required  for  the  proposed 
plan.  The  tests  listed  below  should  be  conducted  with  the  specimens  90 
percenc  constrained  from  thermal  expansion. 

(a)  Two  specimens  thermally  cycled  between  150°F 
(65°C)  to  500U°F  (2760°C)  to  a  maximum  run  of 
100  cycles. 
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(b)  One  specimen  initially  treated  with  CO2  gas  at 
5000°F  (2760°C)  for  5  minutes,  cycled  between 
150°F  (65°C)  to  5000°F  (27606C)  to  a  maximum 
run  of  100  cycles. 

(c)  One  specimen  with  a  surface  flaw  0.010  inch 
deep  cycled  between  150°F  (65°C)  to  5000°F 
(2760°C)  to  a  maximum  run  of  100  cycles. 

(d)  One  hot-worked  pyrolytic  graphite  specimen 
cycled  between  150°F  (65°C)  to  5000°F 
(2760°C)  to  a  maximum  run  of  100  cycles. 

(e)  One  hot-worked  pyrolytic  graphite  specimen 
with  a  surface  flaw  0.010  inch  deep  cycled 
between  150°F  (65°C)  to  5000°F  (2760°C)  to 
a  maximum  run  of  100  cycles. 
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3.6  CHANGES  IN  MATERIAL  CHARACTERISTICS 


Problems  caused  by  changes  in  material  characteristics  are,  of  course, 
related  to  spec  fie  materials.  Although  many  potential  problems  can  be 
defined,  the  <v  •  one  actually  deemed  important  enough  to  investigate  vas 
that  of  tungsie 

The  change  of  materials  characteristics  of  ATJ  graphite  was  not  expected 
to  be  significant.  Since  ATJ  graphite  is  severely  limited  as  to  maximum 
service  temperature  because  of  corrosion  considerations,  the  material 
remains  essentially  brittle  in  nature  throughout  its  service  life. 

Changes  in  materials  characteristics  would  be  expected  to  be  limited  to 
such  things  as  void  formations  or  increase  in  void  size,  having  a  bearing, 
as  a  result,  on  the  thermal  fatigue  characteristics  of  the  material.  It 
would  not  be  expected  that  materials  characteristics  would  change  signifi¬ 
cantly  within  the  allowable  service  temperature  range. 

The  change  of  characteristics  of  pyrolytic  graphite  are  expected  to  be 
generally  reflected  as  a  change  in  the  degree  of  structural  transformation 
which  the  material  has  undergone.  These  changes  actually  result  in  the 
formation  of  a  different  material.  Within  this  program  three  different 
types  of  pyrolytic  graphite  were  studied.  These  are  as-deposited,  heat- 
treated,  and  annealed  pyrolytic  graphite.  Any  changes  in  materials 
characteristics  which  are  not  reflected  as  these  different  types  of 
materials  can  be  regarded  as  a  change  in  degree  of  transformation  leading 
to  these  materials.  Thus  an  as-deposited  material,  which  has  undergone 
some  slight  degree  of  heat- induced  change,  lies  somewhere  between  as- 
deposited  and  heat-treated  material.  These  two  materials  can  serve  as 
bounds  on  the  slightly  changed  material.  Thus,  considering  pyrolytic 
graphite  to  be  in  these  three  forms  defines  three  discrete  regions  within 
a  range  in  which  this  material  may  exist.  All  three  forms  of  the  material 
were  utilized  in  the  test  phases  of  the  program. 

Work  was  conducted  in  the  materials  laboratory  relating  changes  in 
properties  of  tungsten  to  grain  size.  Work  was  also  conducted  relating 
rate  of  grain  growth  to  thermal  cycling.  These  data  are  discussed  in 
Section  4.  It  is  shown  that  the  strength  of  tungsten  degrades  very 
rapidly  with  only  a  slight  increase  in  grain  size,  while  the  elastic 
modulus  remains  virtually  constant  over  a  great  range  of  grain  size. 

Since  a  slight  growth  in  grain  size  results  in  a  marked  reduction  in 
strength,  rather  severe  limitations  on  the  design  strength  of  tungsten 
result.  Although  the  data  are  limited  insofar  as  indicating  the  rate  of 
grain  growth  with  respect  to  maximum  temperature,  one  may  conclude  con¬ 
servatively  that  any  second,  or  subsequent  firing  of  a  restartable  nozzle 
should  consider  the  strength  to  he  markedly  degraded  as  shown  in  Section  4. 
The  change  in  coefficient  of  thermal  expansion  was  determined  to  be 
unaffected  by  grain  growth.  The  product  of  elastic  modulus  and  coefficient 
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of  thermal  expansion  is  linearly  related  to  the  thermal  stress  response  of 
the  material.  Thus,  the  thermal  stress  response  of  tungsten  remains  un¬ 
altered  over  a  range  in  grain  size,  while  the  ability  of  the  material  to 
support  this  response  is  considerably  degraded. 

The  effect  of  this  reduced  strength  on  the  resistance  to  brittle  tensile 
fracture  may  be  investigated  by  inserting  the  new  strength  into  Equations 
(3.21)  and  (3.23)  of  Paragraph  3.2.1.  As  an  example  of  the  effects  of 
restarting  a  nozzle  with  a  tungsten  insert  which  has  experienced  some 
slight  grain  growth,  Figure  3-21  has  been  constructed.  It  is  similar  to 
Figures  3-14  and  3-15  which  are  design  charts  constructed  for  tungsten 
with  a  tensile  strength  of  94,000  psi.  Figure  3-21  illustrates  the  decline 
in  the  maximum  /)  when  the  grains  have  grown  to  an  average  size  of 
0.0015  inch.  It  should  be  noted  that  even  the  insert  restrained  by  ATJ 
(Pb  =  3000  psi)  will  necessarily  be  quite  thin  if  a  tensile  fracture  is  to 
be  avoided.  For  larger  grain  sizes,  the  structural  properties  of  the 
material  are  reduced  to  a  level  such  that  the  failures  theoretically  take 
place  only  tenths  of  a  second  after  initiation  of  tne  heating.  In  this 
analysis  the  heat  transfer  was  applied  as  a  step  input  (i.e.,  no  startup 
transient  was  assumed).  Since  many  solid  rocket  motors  can  achieve  90  per¬ 
cent  of  peak  thrust  in  a  few  milliseconds,  this  step  input  assumption  would 
be  applicable  to  these  motors. 

To  illustrate  the  potentiality  of  tungsten  inserts  with  large  grains,  a 
5/8- inch  diameter  insert  was  examined  for  the  full  range  of  grain  sizes 
measured  in  the  materials  studies.  Figure  3-22  illustrates  the  maximum 
allowable  f3  for  the  5/8- inch  D*  nozzle  as  a  function  of  the  average  tungsten 
grain  size.  This  figure  depicts  a  phenomenon  which  should  receive  further 
investigation.  For  grain  sizes  greater  than  0.008  inch,  the  strength  of 
the  material  is  continuing  to  decrease,  but  the  elastic  modulus  decreases 
more  rapidly.  This  can  be  seen  in  Figure  4-15  which  shows  the  variation  in 
mechanical  properties  with  grain  size.  Therefore,  with  increasing  grain 
size,  the  allowable  /3  begins  to  increase  again  for  average  grain  sizes 
greater  than  0.008  inch.  Of  course,  this  curve  may  be  misleading  since 
it  was  constructed  from  a  relatively  small  number  of  data  points;  however, 
it  may  be  a  valid  indication  that  large-grained  tungsten  can  be  a  very  good 
material  for  restartable  rocket  motor  nozzle  throat  inserts. 

Degradation  of  elastic  modulus  has  not  been  studied  in  depth.  No  predic¬ 
tion  can  be  made  relative  to  the  cause  or  ultimate  degree  of  this  degrada¬ 
tion.  But  it  will  be  recalled  that  the  room  temperature  modulus  of  the 
as-received  gas  pressure  bonded  tungsten  was  only  about  55  percent  of  what 
could  normally  be  expected.  Yet  from  all  appearances,  this  was  "sound" 
material.  Here,  then,  are  two  examples  of  reduced  modulus  in  material 
which  was  fired  in  this  program.  It  opens  up  interesting  speculation  about 
the  use  of  low-modulus  tungsten. 
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MAXIMUM  ALLOWABLE  fi 


4 


1.  SHORT  CYLINDER  pfe  •  80O<)  ps  I 

2.  SHORT  CYLINDER,  J  -  1/50 

3.  LONG  CYLINDER 

TENSILE  STRENGTH  »  36000  PS I 
(0.0015  -  IN.  AVERAGE  GRAIN  SIZE) 
ARC  CAST  AND  EXTRUDED  TUNGSTEN 
CYI  -  75  PROPELLANT 


0.4  0.6  0.8  1.0  1.5  2  3  4  5 

THROAT  DIAMETER,  D*,  INCHES 
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FIGURE  3-21.  TUNGSTEN  OUTER  SURFACE  TENSILE  RESPONSE  CHART  FOR  DEGRADED  STRENGTH 
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(  fi  NOT  LIMITED) 

F04465 U 

FIGURE  3-22.  THE  EFFECT  OF  GRAIN  GROWTH  ON  THROAT  INSERT  DESIGN 
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Another  indication  of  the  effects  of  grain  size  in  tungsten  is  given  in 
Reference  3-23,  where  it  is  observed  that  there  is  a  correlation  between 
resistance  to  thermal  stress  cracking  and  large  grain  size.  The  materials 
of  largest  grain  size,  which  were  pure  tungsten  either  cast  or  fully  cold 
worked,  showed  the  best  crack  resistance.  The  authors  state  it  is  likely 
that  the  large  grain  size  favors  resistance  to  crack  propagation  for 
three  reasons: 

(1)  The  lower  yield  strength  of  coarse  grain  material 
would  result  in  deformation  at  a  lower  applied 
stress.  This  deformation  could  favor  reduction 
of  stress  concentrations  and  absorb  sufficient 
energy  from  a  propagating  crack  to  terminate  it. 

(2)  Fewer  grain  boundaries  exist  for  crack  Initiation. 

Since  it  is  generally  observed  that  crack  ini¬ 
tiation  in  tungsten  is  invariably  intergranular, 
the  presence  of  fewer  grain  boundaries  would 
reduce  the  number  of  possible  crack  initiation 
sources. 

(3)  Fewer  grain  boundaries  exist  (normal  to)  the 
direction  of  the  principal  fracture  stress. 

Fracture  propagation  is  generally  inter¬ 
granular,  and  cracks  follow  grain  boundaries 
whenever  a  suitably  oriented  boundary  exists. 

For  coarse  grain  material,  grain  boundaries 
are  not  always  present  in  the  proper  direc¬ 
tion;  in  this  event  the  propagating  crack 
must  enter  a  grain  wherein  the  deformation 
which  occurs  may  be  sufficient  to  terminate 
the  crack. 
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3.7  UNIQUE  LOADING  EFFECTS 


Loadings  on  nozzle  throat  sections  are  attributable  to  temperature,  pres¬ 
sure,  and  structural  restraints.  Unique  loadings  result  from  novel  effects 
of  these  three  causes  and  from  residual  effects  resulting  from  prior 
structural  behavior. 

No  unique  effects  are  caused  by  pressure  or  structural  restraints.  How¬ 
ever,  thermal  loading  effects  and  residual  states  can  be  quite  different 
from  those  considered  for  single-firing  nozzles. 

All  structural  analyses  have  considered  that  the  initial  condition  of  the 
nozzle  insert  includes  uniform  ambient  temperature.  If  it  is  desired  to 
restart  the  nozzle  during  some  period  of  cooldown  before  uniform  ambient 
conditions  are  reached,  a  new  loading  is  imposed  on  the  structure  because 
of  the  resulting  different  temperature  distribution.  It  has  been  shown  in 
the  thermal  analysis  that  during  all  portions  of  the  duty  cycle,  both 
firing  and  cooling,  the  temperature  is  either  monotonically  decreasing 
through  the  thickness  or  else  is  very  nearly  uniform  at  some  level  above 
the  ambient  temperature.  The  departure  from  uniformity  in  the  temperature 
is  not  severe  enough  to  cause  a  worse  loading  condition  than  that  attained 
from  an  initial  ambient  uniform  temperature.  Nor  is  the  monotonically 
decreasing  temperature  distribution  worse  than  that  which  would  have 
existed  had  the  firing  not  been  interrupted.  Therefore,  the  assumption  of 
an  initial  uniform  temperature  results  in  the  most  severe  thermal  loading 
obtainable.  The  lower  the  datum  of  this  uniform  initial  temperature,  the 
more  severe  will  be  the  resulting  loading.  Since  ambient  temperature  is 
the  lowest  datum  for  which  corroborative  test  results  could  be  obtained 
on  this  program,  the  assumption  of  an  initial  uniform  ambient  temperature 
results  in  a  conservative  structural  analysis. 

It  has  also  been  shown  ir.  the  thermaL  analysis  that  alumina  deposition 
retards  the  buildup  of  thermal  gradients.  Structurally,  this  means  that 
the  temperature  difference  across  the  insert  is  reduced  while  the  shape 
of  the  temperature  distribution  is  closer  to  being  linear.  The  effect  of 
the  reduced  temperature  difference  is  more  powerful  than  that  of  the  shape 
of  the  distribution;  this  results  io  an  decrease  in  the  thermal  stresses. 
Again,  the  assumption  of  an  initial  uniform  ambient  temperature  results 
in  a  conservative  structural  analysis. 

There  are,  then,  no  unique  thermal  ioading  effects  to  be  considered. 

Residual  stresses  resulting  from  permanent  deformation  have  no  significant 
importance  for  anv  of  the  throat  materials  except  tungsten.  Considering 
that  the  inner  material  of  the  insert  undergoes  a  greater  hoop  permanent 
deformation  than  the  material  in  the  back  side  region  (experimental  results 
establish  this  as  true)  and  that  this  is  a  compressive  deformation,  then 
the  inner  material  will  be  in  residual  hoop  tension  while  the  back  side 
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material  is  in  residual  hoop  compression.  These  stresses  are  of  the  opposite 
sense  of  the  thermal  stresses  developed  during  heating  of  the  insert  and 
represent  a  prestressed  condition  which  must  be  overcome  by  the  thermal 
stresses  and  are  therefore  subtractive  to  the  thermal  stresses.  Thus,  the 
thermal  stresses  developed  in  such  a  prestressed  insert  will  always  be 
less  than  those  generated  in  an  initially  stress-free  insert.  Thus,  the 
assumption  that  no  residual  stresses  exist  results  in  a  conservative 
structural  analysis. 

No  residual  stress  analysis  was  conducted  during  this  program.  Residual 
effects  must  be  calculated  from  a  complete  history  of  the  part — a  state¬ 
ment  of  the  residual  boundary  strains  is  not  sufficient  to  allow  a  residual 
analysis  to  be  performed.  It  is  necessary  to  have  a  complete  elastic  and 
anelastlc  biography  of  the  entire  part.  It  is  evident  that  purely  plastic 
deformation  does  not  account  for  all  of  the  tungsten  insert  shrinkage 
observed  in  the  test  phases. 

Complete  radial  restraint  of  thermal  expansion  of  a  tungsten  insert  up 
to  temperatures  near  its  melting  point,  even  if  the  material  were  totally 
plastic  and  had  no  resistance  to  deformation,  would  cause  at  most  a  shrinkage 
of  only  1-1/2  percent.  This  shrinkage  is  merely  the  A^/L  or J <xdT  of  the 
material.  Plastic  deformation  with  some  resistance  to  deformation  would 
cause  a  somewhat  smaller  shrinkage.  Actual  shrinkages  observed  for  single 
firings  ranged  upwards  to  3  and  4  percent.  The  other  effects  which  could 
contribute  to  the  shrinkage  are  the  tendency  to  extrude  the  insert  with 
the  conical  back  side  through  the  die  formed  by  the  backup  material  and 
crystallographic  changes  which  may  occur  in  the  material.  The  radial 
pressure  exerted  on  the  insert  from  the  extrusion  is  of  the  order  of 
1000  psi.  The  inserts  were  noted  to  shrink  a  little  each  time  they  were 
heated.  Any  extrusion  effect  would  then  be  a  time-dependent  phenomenon 
involving  viscoelastic  behavior  of  the  material.  Time-dependent  phenomena 
were  not  included  in  the  structural  analysis. 

It  must  be  concluded  that  the  phenomenon  of  tungsten  shrinkage  is  not 
completely  understood  and  until  the  causative  mechanisms  are  defined  and 
their  effects  on  the  residual  stace  are  known,  no  meaningful  residual 
analysis  can  be  conducted. 
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SECTION  4 

MATERIALS  STUDIES 


The  materials  studies  effort  was  conducted  in  three  areas.  A  literature 
survey  was  made,  laboratory  investigations  were  conducted,  and  post-firing 
examinations  of  test  hardware  were  accomplished.  The  post-firing  examina¬ 
tions  are  discussed  in  relation  to  the  nozzle  test  program  in  Sections  5,  6, 
and  7,  and  in  the  comparison  of  analytical  and  experimental  data  in  Section 
8.  The  literature  survey  was  conducted  to  provide  material  properties 
data  and  to  support  the  laboratory  studies.  Materials  laboratory  studies 
were  designed  to  examine  the  phenomenological  characteristics  of  the  ma¬ 
terials  of  interest.  Tungsten  grain  growth  investigations  studied  both 
the  rate  of  grain  growth  and  the  effects  on  mechanical  properties.  Tungsten 
carbon  interaction  studies  examined  eutectic  formation  and  the  use  of  dif¬ 
fusion  barriers.  Brief  studies  related  to  alumina  deposition  and  reaction 
were  conducted.  An  original  investigation  of  the  high  temperature  c-direction 
compressive  deformation  of  pyrolytic  graphite  was  made.  Some  preliminary 
thermal  fatique  testing  was  also  conducted.  No  materials  laboratory  work 
was  done  on  reinforced  plastics;  comparative  assessments  of  these  materials 
were  to  be  made  in  rocket  firing  tests. 

4.1  LITERATURE  SURVEY 

The  literaLure  survey  was  divided  into  two  portions.  The  first  was  a 
compilation  of  physical,  thermal,  and  mechanical  properties  of  materials. 

This  was  largely  to  provide  support  to  the  analytical  phases  of  the  program. 
The  second  portion  was  designed  to  search  out  meaningful  data  on  the  be¬ 
havioral  characteristics  of  materials  in  the  rocket  nozzle  environment. 

This  was  to  provide  support  to  the  laboratory  investigations  is  well  as  to 
the  nozzle  test  phases.  The  literature  compiled  in  the  second  portion  of 
the  survey  is  discussed  and  referenced  in  those  areas  to  which  it  is 
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related;  e.g.,  the  materials  laboratory  investigations,  the  nozzle  test 
program,  and  the  comparison  of  analytical  and  experimental  data.  The 
properties  compilation  produced  no  new  discoveries.  The  following  remarks 
seem  appropriate  in  summary. 

Data  for  gas  pressure  bonded  microsphere  tungsten  are  contained  in  the 
supplier’s  literature4- ^  What  is  essentially  a  second  edition  of  this 
literature  has  recently  been  published^ *2  Limited  data  appear  in  the 
open  literature^--*  The  gas  pressure  bonded  tungsten  used  in  the  rocket 
motor  tests  was  in  the  as-consolidated  form.  There  is  a  dearth  of  property 
data  on  the  material  in  this  condition;  most  of  the  published  data  is  for 
highly  worked  material.  A  summary  report^*^  on  tungsten  issued  by  DMIC 
and  the  Polaris  Materials  Manual^*-’  do  an  excellent  job  of  compiling  the 
physical,  mechanical,  and  thermal  properties  of  sintered,  arc  cast,  and 
hot  pressed  tungsten.  In  addition,  extensive  property  data  for  wrought 
tungsten  are  given  in  Reference  4.6.  The  compressive  mechanical  properties 
appear  to  be  absent  from  the  literature.  The  only  data  appear  in  two 
reports.  Kirchner4.7  estimates  the  ultimate  compressive  strength  at  4100°F 
to  be  11,000  psi .  Union  Carbide^'®  sonically  measured  the  modulus  in 
compression  up  to  1800°C  and  obtained  good  agreement  with  other  published 
data  obtained  from  tensile  tests  at  room  temperature.  However,  the 
compressive  sonic  modulus  diverges,  with  increasing  temperature,  from  the 
tensile  data. 

The  largest  collection  of  data  on  the  polycrystalline  graphites  has  been 
found  in  reports  from  Union  Carbide  Corporation  generated  under  Contract 
No.  AF  33 (616) -6915.  Volume  XXVI^-^  of  this  series  contains  a  summary  of 
property  data.  Values  of  Poisson's  ratio  are  conspicuous  by  their  absence. 
Caution  should  be  exercised  in  using  the  published  values  of  Young's 
modulus.  The  published  values  were  determined  by  sonic  methods  which 
impose  very  small  strains  on  the  material.  The  stress-strain  curves  are 
bilinear  and  show  that  the  initial  slope  is  very  nigh  compared  to  the 
slope  at  large  strains  or  stresses.  Thus  the  initial  slope  (and  the 
sonic  modulus)  may  be  over  twice  as  high  as  the  secant  modulus  at  large 
strains . 

In  general,  the  data  generated  by  Lockheed^ •  ^  several  years  ago  still 
stands  as  the  most  complete  compilation  of  pyrolytic  graphite  properties. 
Additional  data  on  the  compressive  properties  are  presented  in  Reference 
4.11.  More  recent  mechanical  property  data  are  published  in  Reference  4.12. 
A  classified  version  of  these  data  is  contained  in  Reference  4.13.  These 
later  data  were  obtained  with  specimens  which  were  carefully  selected, 
machined,  and  tested.  It,  therefore,  attempts  to  exclude  the  effects  of 
material  flaws  which  are  inherently  present  in  hardware -size  pieces  of  the 
material.  No  material  properties  for  heat  treated  pyrolytic  graphite  were 
found  in  the  literature.  The  use  of  the  material  in  this  form  is  relatively 
new  and  the  lack  of  property  data  should  not  oe  surprising.  Thermal  property 
data  for  annealed  pyrolytic  graphite  were  taken  from  Reference  4.14. 


4.2  TUNGSTEN  GRAIN  GROWTH 


The  effect  of  grain  size  on  the  strength  of  tungsten  is  critical  in 
determining  the  potential  use  of  this  material  i  nozzles  for  restartable 
rockets.  With  each  successive  firing,  the  tungscen  grains  can  grow  larger, 
the  extent  being  dependent  on  the  firing  duration  which  in  part  determines 
both  the  temperature  obtained  and  the  residence  time  at  temperature.  Yet, 
with  the  initiation  of  the  successive  firings,  the  material  must  withstand 
the  induced  loadings  while  in  the  increasingly  larger  grain  state.  It  is 
then  imperative  that  the  properties  of  the  tungsten,  as  influenced  by  grain 
size,  be  known  to  compensate  for  variations  from  the  initial  material. 

One  material  selected  to  evaluate  the  effect  of  grain  size  on  the  tensile 
strength  and  Young's  modulus  was  Climax  Molybdenum  Company's  Climet  arc 
cast  unalloyed  tungsten.  The  composition  of  the  material  was 

Carbon  Iron  Nickel  Silicon 

0.003  0.004  0.001  0.001  wt.% 

with  the  balance  tungsten  by  difference.  The  initial  arc  cast  ingot  was 
7-1/4  inches  in  diameter.  This  ingot  was  processed  as  follows: 

(1)  Extruded  at  3100°F  to  a  1-1/4  inch  by  4  inch 
billet  of  rectangular  cross  section. 

(2)  Recrystallized  at  3000°F. 

(3)  Rolled  in  five  increments  to  approximately  1/8  inch 
thickness  using  a  rolling  temperature  of  3000  F 
each  time. 

(4)  Final  recrystallization  at  3000°F  for  one  hour. 

(5)  Cut  to  pieces  1/8  inch  by  3  inches  by  7  inches. 

The  3  inch  dimension  was  in  the  roll  direction. 

Test  coupons  corresponding  to  Figure  4-1  were  cut  from  the  slabs.  These 
coupons  were  thermally  cycled  for  various  times  to  simulate  successive 
firings,  and  were  subsequently  tested  in  tension  at  room  temperature. 

The'. thermal  cycling  consisted  of  heating  the  specimen  by  rf  in  a  vacuum. 

The  power  was  applied  until  the  specimen  reached  a  preselected  temperature 
(about  25  seconds  to  2400°C) .  When  the  specimen  reached  the  temperature, 
power  was  discontinued.  The  specimen  was  then  allowed  to  cool  for  five 
and  one-half  minutes  prior  to  the  next  cycle.  During  this  time,  the 
specimen  was  below  800°C  for  approximately  3  minutes.  After  the  final 
cycle,  the  specimen  was  allowed  to  cool  at  least  30  minutes  prior  to 
removal  from  the  vacuum  system. 
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This  method  of  cycling  resulted  in  a  uniform  grain  size  over  the  gauge 
section  of  the  specimen.  The  gripping  end,  however,  usually  had  smaller 
grains.  These  smaller  grains  were  a  consequence  of  the  thermal  gradient 
at  the  ends  which  resulted  from  conductive  heat  transfer  to  the  supporting 
block  of  graphite  and  loss  to  the  unheated  upper  section. 

The  thermal  cycling  history  of  the  test  specimens  is  listed  in  Table  4.1. 

TABLE  4.1 

TUNGSTEN  GRAIN  GROWTH  HEATING  CONDITIONS 


Avg  Grain  Size  at 


Sample 

No. 

Max .  Temp 
(°C) 

Time  to  Temp 
(sec) 

Cycles  to  Temp 

Point  of  Fracture 
(in.) 

1 

1850 

20 

1 

0.00075 

2 

2400 

25 

2 

0.0015 

3 

2400 

25 

5 

0.0070 

4 

2400 

25 

10 

0.0045* 

5 

2400 

25 

10 

0.0090 

6 

2400 

25 

10  min  at  2400°C 

0.0100 

7 

Room 

0 

As  Received 

*  Fractured  in  transition  region  of  specimen  near  grips. 


Following  the  temperature  cycling,  the  specimens  were  electro lytically 
polished  and  etched  in  a  solution  containing  20  grams  of  NaOH  per  liter 
of  water. 

Figures  4-2  through  4-6  show  the  maximum  grain  size  in  the  gauge  section. 
This  size  is  representative  of  the  size  that  can  be  expected  during  the 
exposure  to  cyclic  temperature.  Marks  resulting  from  the  grinding  re¬ 
quired  to  shape  the  specimens  are  evident  in  these  photomicrographs. 

These  marks  were  not  considered  as  detrimental,  as  the  purpose  was  to  ob¬ 
serve  the  grain  size. 

Figures  4-7  through  4-12  show  the  grain  size  at  the  point  of  fracture 
resulting  from  tensile  tests.  It  is  this  grain  size  that  must  be  used 
to  correlate  mechanical  property  variation  with  grain  size.  Figure  4-7 
shows  both  the  maximum  grain  size  and  the  grain  at  the  point  of  fracture. 
Figures  4-13  and  - 14  show  a  comparison  of  grain  sizes  in  material  cycled 
the  same  as  Sample  5  but  which  fractured  during  thermal  cycling.  These 
figures  reveal  additional  cracking  along  the  roll  direction.  This  suggests 
that  the  fracture  occurred  prior  to  or  during  the  early  stage  of  the  first 
heat  cycle. 
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FIGURE  4-14.  ARC  CAST  TUNGSTEN, 

10  CYCLES  TO  2400°C ,  CRACK  DEVELOPED 
DURING  HEATING  CYCLE  (200X) 
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A  plot  of  Young's  modulus  and  tensile  strength  with  grain  size  at  the 
point  of  fracture  is  shown  in  Figure  4-15.  The  limited  dace  to  date  indi¬ 
cate  that  the  modulus  is  moderately  insensitive  to  grain  size  up  to  a 
critical  size.  At  this  point,  the  modulus  decreases  with  increasing  size. 
The  tensile  strength  appears  to  fall  rapidly  with  the  formation  of  grains 
and  decreases  slowly  with  increasing  grain  size.  This  suggests  that  the 
grain  boundaries  as  formed  are  comparatively  weak  with  little  interlocking 
of  grains. 

The  data  of  Klopp^*^  at  2500°  to  4000°F  show  a  similar  dependence  of 
strength  on  grain  size  as  observed  in  the  present  work  with  similar  ma¬ 
terial.  Thus,  the  weakening  of  the  structure  exists  over  the  region  of 
transient  thermal  rise  and  is  continued  with  further  grain  growth. 

Each  specimen  failed  by  brittle  fracture.  The  fracture  was  predominantly 
intergranular  with  the  only  evidence  of  transgranular  fracture  occurring 
on  Sample  6.  This  transgranular  fracture  appeared  to  result  from  inter¬ 
locked  grains  along  the  path  of  crack  propagation.  An  intergranular 
fracture  at  this  point  would  have  required  a  two-grain  width  offset  over 
a  two  grain  distance. 

The  tensile  strength  variation  suggests  the  material,  with  the  formation 
of  crystals,  behaves  as  a  polycrystalline  as  opposed  to  a  single  crystal 
material.  The  modulus  behavior  also  suggests  the  polycrystalline  behavior 
with  low  porosity  (thin  grain  boundary).  An  examination  of  the  samples 
after  fracture  revealed  no  grain-to-grain  movement  other  than  at  the 
fracture  line. 

On  the  tungsten  examined,  thjre  appears,  as  indicated  in  Figure  4-15,  to 
be  a  deterioration  of  the  mechanical  properties  with  grain  size  increase 
as  would  be  experienced  in  a  restartable  rocket  motor.  The  limited  data 
indicate  a  trend  but  without  further  verification  should  not  be  used  in  w 
absolutely  quantitative  sense.  . 

Measurements  ut  the  coefficient  of  thermal  expansion  in  the  range  of  room 
temperature  to  1000°C  were  made  on  all  specimens  listed  in  Table  4.1.  All 
specimens  displayed  the  same  thermal  expansion  characteristics,  indicating 
that  grain  growth  does  nt^  affect  ,:his  property  in  the  range  studied. 
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FIGURE  4-15.  VARIATION  OF  YOUNG  S  MODULUS  AND  TENSILE  STRFNGTH  OF 
ARC  CAST  TUNGSTEN  UITH  GRAIN  SIZE 


The  investigation  of  grain  growth  due  to  thermal  cycling  on  the  strength 
and  modulus  of  tungsten  was  to  be  extended  to  the  gas  pressure  bonded 
microsphere  material  of  Allied  Chemical  Corporation.  However,  room 
temperature  tests  on  the  as-received  material  showed  a  tensile  strength 
of  30,100  psi  and  a  Young's  modulus  of  31.4  x  106  psi.  These  low  values 
indicated  that  grain  growth  studies  of  this  material  would  be  rather 
pointless.  One  specimen  held  at  2500°C  for  5  minutes  displayed  grain 
growth  predominately  within  the  particles  as  shown  in  Figure  4-16.  This 
growth  was  not  sufficient  to  make  the  hexagon-like  structure  typical  of 
this  material. 

4.3  TUNGSTEN-CARBON  REACTION  STUDIES 


The  reaction  between  tungsten  and  carbon  is  of  considerable  interest 
because  all  materials  which  can  be  used  as  adjacent  components  of  tungsten 
throat  inserts  are  carbon  based.  If  the  interface  temperature  between  the 
carbon  and  tungsten  is  higher  than  the  melting  point  of  the  reaction  pro¬ 
duct  between  carbon  and  tungsten,  a  liquid  will  be  produced  which  may 
lead  to  alteration  of  contour,  gas  leakage,  or  even  obtrusion  of  the  insert. 
The  reaction  between  tungsten  and  carbon  results  in  the  formation  of  W2C 
and  WC  and  takes  place  at  relatively  low  temperatures.  The  literature 
shows  a  wide  discrepancy  in  the  minimum  solidus  temperature  for  the 
tungsten-carbon  system.  Temperatures  range  from  a  value  of  2475°C  reported 
by  Hansen, a  value  of  2 7iy0C  reported  by  Rudy,^**'  to  a  temperature  of 
2732°C  as  reported  by  Nadler.  This  difference  of  some  250°C  could  be 

very  important  as  the  typical  m  ximum  backside  tungsten-gi  aphite  interface 
temperature  for  many  conditions  is  in  this  region. 


There  is  very  little  agreement  between  the  different  investigators^* *9, 
4.20,  4.21  on  diffusion  of  carbon  into  tungsten.  Peterson1*'^  has 
reviewed  the  data  and  concludes  that  the  activation  energy  of  carbon  is 
probably  of  the  order  of  100,000  cal/mole.  This  would  suggest  a  rather 
low  rate  of  growth  of  a  carbon  bearing  tungsten  phase  (assumed  to  be 
diffusion  controlled)  even  a"  Mr1-  ?S0Q°C.  However,  recent  experimental 


observations,  both  at  Phil. 


4.23 


.J 


.^lly  and  Hiltz, 


4.24 


suggest  that 


a  reaction  between  tungsten  and  carbon  occurs  rapidly  as  lov;  as  1815°C. 
Lally  and  Hiltz  state  that  there  is  a  slow  solid-state  reaction  at  tempera¬ 
tures  below  2500°C.  Above  this  temperature,  a  liquid  eutectic  of  W-W2C  is 
formed,  and  the  rate  of  reaction  becomes  rapid.  The  liquid  formed  attacks 
in  two  directions,  dissolving  both  the  tungsten  and  the  graphite. 
Observations  at  Philco,  in  general,  confirm  those  of  Lally  and  Hiltz. 


The  reaction  between  tungsten  and  carbon  results  in  the  formation  of  WjC 
and  WC  and  takes  place  at  relatively  low  temperatures.  In  general,  the 
comnercial  production  of  tungsten  carbide  is  done  at  temperatures  in  the 
range  of  l400-1700oC.^*^  The  first  eutectic  between  the  tungsten-rich 
solid  solution  and  the  carbide  W2C  is  present  at  1.5  percent  carbon. 
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The  tungsten-carbon  reaction  studies  were  undertaker,  to  determine  the 
minimum  temperature  for  these  reactions  between  actual  materi.  is  of  inter¬ 
est  for  this  restart  program.  The  secondary  objective  was  to  investigate 
the  effects  of  diffusion  barriers. 

The  tungsten  used  for  the  experimental  studies  was  obtained  from  Clinv,,-. 
Molybdenum  Company  and  contained  by  weight  0.003  percent  carbon,  0.004  per¬ 
cent  iron  and  less  than  0.001  percent  each  of  nickel  and  silicon.  It  was 
supplied  in  a  sheet  1/8  inch  thick.  The  source  of  carbon  was  ATJ  graphite. 
These  materials  were  considered  typical  of  the  types  of  materials  which 
would  be  used  in  a  nozzle.  The  samples  were  cut  into  specimens  measuring 
C.3  inch  by  0.3  inch  by  0.125  inch'.  They  wore  arranged  between  blocks  of 
ATJ  graphite  and  placed  in  an  induction  coil  where  they  were  inductively 
heated  using  a  20  kw,  450  kc  power  supply. 

The  typical  test  was  conducted  as  follows: 

(1)  ThQ  faces  of  the  tungsten  sample  ware  polished 
using  600  grit  alumina  paper. 

(2)  The  sample  was  placed  between  the  ATJ  blocks  and 
set  in  tne  induction  coil. 

(3)  The  chamber  was  evacuated  to  a  pressure  of  10'^ 
torr  or  lower. 

(4)  The  sample  was  heated  to  a  temperature  of  ap¬ 
proximately  1000°C  and  the  pyrometer  focused 
on  the  sample. 

(5)  The  sample  was  cooled  to  approximately  room 
temperature . 

(6)  The  power  was  turned  on  to  a  predetermined 
level  for  die  desired  length  of  time. 

(7)  The  sample  was  allowed  to  cool  to  room  tempera¬ 
ture  before  removing  from  the  chamber. 

An  attempt  was  made  to  duplicate  t!.~  heating  rates  of  the  actual  nozzle  as 
much  as  possible.  A  typical  time-temi  nature  curve  is  shown  in  Figure  4-!7. 
This  heating  rate  is  in  the  range  of  the  races  experienced  by  actual  in¬ 
serts  at  the  tunga ten-graphite  interface.  The  temperatures  were  measured 
with  a  continuously  recording  two-color  optical  pyrometer  which  had  been 
calibrated  against  a  N.B.S.  tungsten  filament  and  was  adjusted  to  read  the 
true  temperature. 

Some  tests  were  conducted  to  determine  the  effectiveness  of  a  material  as 
a  diffusion  barrier.  These  materials,  Th02,  ZrOi ,  and  Ta,  were  in  the 


form  f  powders,  -250  mesh  sice,  and  were  reagent  grade.  The  powders  were 
sprinkled  onto  the  surfaces  of  the  ATJ  and  W  and  formed  a  diffusion  barrier 
approximately  5  mils  thick.  One  experiment  was  conducted  using  Ta  foil  as 
the  diffusion  barrier. 

The  results  are  listed  in  Table  4.2.  Some  specimens  are  shown  after  test 
in  Figures  4-18  through  4-21.  The  results  oj  these  experiments  indicate 
that  above  2475°C  (4500°F)  incongruent  melting  occurs  between  tungsten 
and  carbon.  This  melting  results  in  the  formation  of  WC  and  W2C.  Because 
of  the  presence  of  both  of  these  compounds  in  the  melted  phase,  the  liquid 
phase  must  tend  to  form  tha  stable  compounds  which  have  higher  melting 
points.  However,  the  solubility  of  carbon  in  the  melt  is  high,  and  only 
a  small  amount  of  carbon  is  required  to  maintain  a  liquid.  This  condition 
would  be  very  serious  in  a  rocket  nozzle  where  the  interface  temperature 
between  the  tungsten  nozzle  and  the  graphite  backup  is  above  the  melting 
point  of  the  eutectic  composition.  In  this  ’or.dition,  the  interface  tem¬ 
perature  is  the  lowest  temperature  in  the  tungsten.  When  the  temperature 
of  the  interface  becomes  high  enough  for  melting  to  occur,  the  reaction 
would  be  accelerated  by  the  hotter  unreacted  tungsten.  The  composition 
of  the  melt  would  be  continually  changing,  tending  toward  the  formation  of 
a  higher  melting  composition.  This  condition  could  cause  failure  of  the 
tungsten  insert. 

The  use  of  a  diffusion  barrier  appears  to  be  promising.  Generally,  a 
higher  melting  material  is  more  stable,  and  the  diffusion  of  carbon  through 
this  material  is  much  less.  The  initial  tests  were  run  at  a  temperature 
which  was  below  the  temperature  where  melting  was  observed  between  tungsten 
and  carbon.  The  thickness  of  the  carbide  layer  formed  on  the  tungsten  was 
decreased  when  diffusion  barrier  materials  were  used.  The  result  of  the 
Test  No.  25  using  thoria  as  the  diffusion  barrier  where  a  liquid  was  formed 
at  2380°C  may  be  misleading.  This  test  was  conducted  in  a  vacuum  and  there 
is  some  indication^* 26  that  the  thoria  is  not  stable  in  a  vacuum  at  these 
temperatures . 
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SUMMARY  OF  TUNGSTEN  CARBON  EXPERIMENTS 

Time  Carbide  Layer 

Experiment  Power  Temp  Thickness 

• _  on  (sec)  Atm  (°C)  _ (mil) _  Remarks 


4 

32 

Vac 

2490 

0.75-2 

Sample  was  stuck  to  ATJ. 

Outer  surface  showed 
presence  of  liquid.  See 
Figure  4-18. 

5 

35 

Vac 

2490 

16 

Sample  stuck  to  graphite. 
Carbide  layer  showed  liquid 
phase  and  appeared  to  be  in 

2  layers 

6 

300 

Vac 

2040 

0.05 

Sample  not  stuck  to  ATJ. 

Outer  surface  of  W  changed. 

See  Figure  4-19. 

11 

3C0 

1/2 

Atm 

Ar 

2410 

17 

Outer  layer  (W2C)  10  mil. 

Inner  layer  (WC)  7  mil. 

16 

3  j 

1/2 

Atm 

Ar 

2540 

60 

Sample  deformed  and  slumped. 
Nearly  all  of  original  W  was 
carbide.  See  Figure  4-20. 

19 

300 

Vac 

2410 

17 

Layer  same  as  Experiment  11. 

23 

300 

Vac 

2410 

0 

W  Separated  from  ATJ  by  1  mil 
Ta  foil.  Ta  foil  warped  and 
made  poor  contact  with  W 
and  ATJ. 

24 

300 

Vac 

2410 

0 

W  separated  from  ATJ  by  5  mil 
Ta  powder.  Ta  powder  sintered 
and  reacted  with  carbon  to 
form  Ta2C  and  small  amount 
of  TaC. 

25 

300 

Vac 

2380' 

1-5 

W  was  separated  from  ATJ  by 
Th02  powder.  Sample  did  not 
reach  desired  temperature  of 
2410°C  because  of  arcing. 

X-ray  diffraction  showed  liq¬ 
uid  formed  at  interface  to 
be  W,  W2C,  WC  and  an  unknown 
cubic  phase.  See  Figure  4-21. 

26 

300 

Vac 

2410 

0 

W  separated  from  ATJ  by  Zr02 

powder.  Zr02  sintered  and 
some  reaction  occurred  at 
Zr02  ■  C  interface  but  none 
at  Zr02  -  W  interface. 
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FIGURE  -4-18.  I UNGS TEN- CARBON  EXPERIMENT  NO.  4  SHOWING 
AT  THE  INTERFACE , 


ROyiJib  1' 

MELTING 


4  -  J| 


F0360LU 


::).  TUNGSTEN-CARBON  EXPERIMENT  NO.  6  SHOWING  SLIGHT 
SURFACE  CHANGES. 


FIGUkl 


KO'H'V 


FIGURE  4-20. 


T  UNClSTk  i- "  CARE  ON 
PHASE  FORMED  AM) 


16 


-ORMATION  OF  A 


EXPERIMENT  ::M* 
DF 


SHOWING  LIQUID 
UNGSTEN . 


R09bb0  V 


TUNGSTEN-CARBON  EXPERIMENT  NO.  25  SHOWING  LIQUID 
PHASE  WHICH  OCCURRED  WHEN  USING  Th02  AS  A 
DIFFUSION  BARRIER. 


FIGURE  4-21 
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4.4  ALUMINA  STUDIES 

An  excellent  comprehensive  discussion  of  the  reactions  between  aluminum 
oxide  and  carbon  has  been  presented  by  Foster,  Lang,  and  Hunter. On 
graphites,  the  alumina  deposit  consists  of  an  AI4C3  bonding  layer  at  the 
graphite  interface  and  an  outer  layer  of  a  mixture  of  AI2O3,  AI2OC,  end 
AI4O4C.  Hie  AI4C3  layer  is  necessary  in  order  for  the  deposit  to  stick. 

It  is  formed  by  the  reaction  between  AI2O3  and  C  which  gives  off  CO  at 
high  temperature.  The  mixture  of  alumina  and  the  oxy- carbides  may  exist 
through  the  entire  thlckr.es*  of  the  deposit. 

To  verify  this  work,  a  brief  experiment  was  conducted.  AI2O3,  In  the  form 
of  single  crystal  sapphire  rod,  was  placed  in  a  hole  drilled  in  ATJ  graphite. 
This  sample  was  heated  inductively  in  one-half  atmosphere  of  N2  to  the 
melting  point  of  the  alumina.  Initially,  there  was  some  gas  evolution, 
probably  CO.  Thereafter,  the  melt  came  to  equilibrium  and  formed  a  rela¬ 
tively  low  (20  to  30  degrees)  contact  angle  indicating  wetting  of  the 
graphite  by  the  AI2O3.  After  cooling,  an  interface  of  AI4C3  was  observed 
between  the  graphite  and  the  alumina.  X-ray  diffraction  analysis  of  the 
melt  showed  it  to  contain  AI2O3,  AI2OC,  and  AI4O4C.  This  brief  work  con¬ 
firmed  the  data  reported  by  Foster,  Lang,  and  Hunter  and  conclusively 
demonstrated  the  existence  of  a  mechanism  for  alumina  to  wet  and  deposit 
on  graphite. 

The  AI4C3  bonding  layer  is  not  stable  in  air  since  this  compound  hydrolyzes 
with  the  water  vapor  to  give  C2H2  and  AI2O3  thereby  destroying  the  inter¬ 
face  which  provides  the  bonding  of  the  layer.  In  a  vacuum,  no  wai.er  is 
available  for  hydrolysis.  In  addition,  the  oxy-carbides  are  stable  in  air 
but  their  stability  in  vacuum  (space  operation)  injects  a  complicating 
factor  which  is  not  completely  understood.  Therefore,  there  are  serious 
questions  about  the  relative  stability  of  the  alumina  layer  in  air  and  in 
vacuum.  Alumina  deposits  which  would  become  unbonded  during  cooldown  in 
air  and  which  would  then  be  ejected  on  restart  may  remain  bonded  to  graphite 
surfaces  in  space  operation.  Instead  of  being  ejected  on  restart,  these 
bonded  layers  may  remain  for  several  seconds  until  they  can  be  melted  and 
removed. 

From  thermochemical  considerations,  little  or  no  chemical  reactions  between 
the  condensed  phase  oxide  AI2O3  and  tungsten  should  be  expected  below  2760°C. 
This  is  substantiated  by  data  from  General  Telephone  and  Electronics  Labora¬ 
tory^*^  which  show  no  chemical  interaction  (no  new  compound  phases)  for 
tests  performed  at  3000°C  for  one  minute.  The  AI2O3  did,  however,  wet  end 
adhere  to  the  tungsten.  On  the  other  hand,  Lally  and  Hiltt^*^  noted  that 
at  temperatures  below  2760°C,  the  liquid  oxide  rapidly  attacks  the  tungsten 
setting  up  a  eutectic  sys tern.  Thus,  disagreement  exists  regarding  chemical 
reactions  between  AI2O3  and  tungsten. 


From  Che  nozzle  standpoint,  the  problem  of  condensed  phese  effects  is  not, 
however,  e  simple  matter  of  measuring  or  following  gross  chemical  reactions 
but  is  rather  a  matter  of  studying  the  effect  of  hardening  due  to  movement 
or  diffusion  of  extremely  small  quantities  of  the  oxides  or  their  decom¬ 
position  products  into  the  substrate  metal.  This  is  particularly  important 
in  the  case  of  tungsten  where  the  formation  of  fine  oxide  particles  in  the 
grain  boundaries  below  the  surface  can  cause  a  considerable  decrease  in 
tensile  strength  of  the  tungsten  and  thus  alter  its  structural  behavior. 
There  are,  of  course,  two  possibilities:  either  the  AI2O3  may  penetrate 
tto  the  interior  and  precipitate,  or,  what  is  more  likely,  oxygen  resulting 
either  from  the  sublimation-vaporization  decomposition  of  the  oxides  or 
reactions  of  the  oxides  with  the  tungsten  substrate  may  dissolve  at  the 
surface  of  the  substrate  and  diffuse  inward  leading  to  variation  in  and 
degradation  of  physical  properties. 

As  an  experimental  approach,  high-purity  AI2O3  was  melted  on  a  tungsten 
substrate  at  controlled  temperatures  and  for  controlled  periods  of  time. 

By  following  microhardness  and  microstructure  changes  as  a  function  of  the 
two  experimental  variables,  temperature  and  time,  it  was  planned  to  gather 
quantitative  data  on  the  effect  of  oxygen  penetration  into  the  interior. 

Briefly,  the  experimental  procedure  involved  inductively  heating  a  tungsten 
disk,  1  inch  in  diameter  by  1/4  inch  thick,  containing  high  purity  AI2O3  on 
the  upper  surface.  This  upper  surface  had  previously  been  polished  metal - 
lurgically  and  controlled  hardness  measurements  had  been  taken.  All  tests 
were  run  at  a  total  argon  pressure  of  200  psia  for  300  seconds  in  a  high 
pressure  furnace  assembly.  The  experimental  temperature  range  studied 
was  2000  to  3000°C. 

Initial  experiments  were  conducted  with  fine  grain,  thoriated  tungsten 
(Fansteel)  because  of  its  immediate  availability.  Although  some  minor 
surface  hardness  was  detected  at  the  higher  temperatures,  no  clear-cut 
correlation  developed  between  hardness  and  temperature  or  metallographic 
microstructure  changes  and  temperature. 

A  similar  aeries  of  experiments  was  made  using  tungsten  fabricated  at  Fhilco 
Applied  Research  Laboratories  by  hot  pressing  Linde  microapheres .  Again, 
however,  no  clear-cut  correlations  between  the  experimental  variables  could 
be  found. 

On  die  basis  of  these  experiments,  the  measurements  of  microhardnass  and 
microstructure  changes  were  abandoned.  The  results  of  these  experiments 
were  negative  in  that  they  were  inconclusive. 
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4.5  HIGH  TEMPERATURE  c -DIRECTION  COMPRESSIVE  DEFORMATION  OF 
PYROLYTIC  GRAPHITE 


The  purpose  of  chis  inve'.tlgution  was  to  determine  the  permenent  c -direction 
deformation  of  pyrolytic  graphite  rapidly  heated  to  very  high  temperatures 
and  loaded  in  compression.  No  other  data,  such  as  mechanical  or  thermal 
properties,  were  sought  or  recorded.  Only  commercially  available  plate 
material  was  used  in  the  experimental  program. 


It  is  well  known  that  pyrolytic  graphite  undergoes  a  structural  change  at 
very  high  temperature  which  results  in  alterations  of  the  dimensions  of 
the  material.  In  addition,  the  application  of  loads  at  high  temperatures 
can  result  in  very  large  deformations.  Some  of  the  most  significant  data 
on  the  change  of  dimensions  of  pyrolytic  graphite  at  elevated  temperature 
without  load  has  been  reported  by  Richardson  and  Zehms.^'2^  Although 
their  work  showed  that  considerable  di  'formation  occurs  with  the  application 
of  temperature  alone,  the  effects  of  loads  were  not  considered.  One  item 
on  the  deformation  under  load  has  been  reported  from  France. 30  The 
primary  concern  in  this  instance  was  not  the  deformation  but  the  ability 
to  form  a  large  single  graphite  crystal  from  pyrolytic  graphite.  Kotlensky^*3* 
has  reported  a  12  percent  deformation  in  a  specimen  compressed  in  the 
c-direction  with  5000  psi  at  2800°C.  However,  die  time  involved  was  sev¬ 
eral  tens  of  minutes.  No  data  on  these  deformation  characteristics  associ¬ 
ated  with  extremely  high  temperatures  and  very  short  times  with  load  in¬ 
cluded  as  a  parameter  exist  within  the  available  literature. 


The  experimental  apparatus  consisted  of  a  power  source,  vacuum  jar,  and  a 
cluster  of  calibrated  beHcal  springs.  The  test  setup  is  shown  in  Figure  4-22. 

The  test  samples  were  nominal  1/2-inch  cubes  obtained  from  commercial  1/2- 
inch  plates.  It  was  felt  that  by  using  material  from  a  single  plate  the 
influences  of  micros  true  tural  differences  would  be  eliminated  from  the 
results.  However,  results  from  die  planned  series  of  tests  indicated  that 
additional  data  were  highly  desirable  in  order  to  broaden  the  spectrum  of 
results.  Additional  testing  was  performed  on  samples  obtained  from  a 
second  plate  of  smterial. 

The  material  used  in  the  first  series  of  tests  was  obtained  from  High 
Temperature  Materials  (Union  Carbide).  Although  there  was  no  information 
available  relative  to  its  processing  parameters,  it  was  considered  to  be 
typical  fine  grained,  continuously  nucleated  pyrolytic  graphite.  The 
second  plate  was  obtained  from  Super  Temp  Corporation.  It  was  a  disc  from 
Polaris  manufacture  and  conformed  to  the  U.S.  Navy  specification.  It  was 
substrate  nucleated  mud  exhibited  no  overtired  nodules.  Samples  from  each 
manufacturer  were  tested  in  essentially  different  regimes  so  tears  were  very 
little  data  to  compare  the  two  materials. 
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In  both  cases,  the  material  was  supplied  with  the  a-b  races  machined 
parallel.  The  plates  were  cut  into  nominal  1/2-inch  cubes  which  were 
subsequently  milled  on  the  edge-grain  faces  to  square  up  the  sample.  No 
further  treatment,  such  as  polishing,  was  given  to  any  of  die  faces. 

-4 

Samples  were  tested  in  a  vacuum  of  10  torr  or  lower  and  in  approximately 
1/2  atmosphere  of  argon.  There  was  no  discernible  difference  in  the  re¬ 
sults  when  tested  in  vacuum  or  an  inert  ..tmosphere.  Some  of  the  high 
temperature  O2700°C)  tests  run  in  a  vacuum  showed  some  slight  loss  of 
material  but  in  no  r.ase  was  this  loss  greater  than  0.005  weight  percent. 

The  samples  were  resiatlvely  heated  by  a  40  volt  550  amp  dc  power  supply 
through  water-cooled  electrodes.  These  electrodes  were  in  direct  contact 
with  the  a-b  faces  of  the  test  samples. 

Loading  of  the  samples  was  effected  with  a  cluster  of  calibrated  helical 
springs.  The  spring  constant  of  the  cluster  was  4700  lb/in.  As  the  sample 
was  heated,  the  springs  were  of  course  further  compresb-d  resulting  In  an 
increase  of  load.  Deformation  of  t'te  samples  in  turn  relieved  this  in¬ 
creased  load.  The  net  result  was  that  die  true  stresses  are  within 
5  percent  of  the  reported  values. 

The  load  was  applied  when  the  samples  were  at  room  temperature  before  the 
vacuum  bell  jar  was  closed  and  remained  on  the  sanples  until  the  tests 
were  completed.  The  samples  were  allowed  to  cool  naturally  to  room 
temperature  in  the  bell  jar  after  the  power  was  shut  off.  The  samples 
cooled  below  red  heat  &500°C)  in  30  seconds.  The  samples  were  probably 
at  room  temperature  in  less  than  90  seconds  as  the  copper  electrodes  were 
water  cooled  and  at  no  time  was  there  observed  an  appreciable  increase  in 
the  water  temperature. 

Time  was  measured  from  the  instant  the  sample  reached  test  temperature. 
Figure  4-23  shows  a  typical  temperature  trace  for  a  test.  The  sanples 
reached  temperature  in  approximately  12  seconds  after  the  power  was  turned 
on.  Average  heating  rates  were  approximately  210°C  per  second.  Depending 
on  the  test  temperature,  there  undoubtedly  was  some  deformation  tdiich 
occurred  during  the  latter  portion  of  tills  initial  heating. 

Temperature  was  measured  with  a  continuously  recording  two-color  pyrometer 
which  was  calibrated  against  a  NBS  tungsten  filament.  The  pyrometer  was 
focused  on  one  of  the  edge-grain  feces  through  an  optical  flat  which  served 
as  a  window.  The  temperatures  were  compered  to  temperatures  measured  with 
e  micro-optical  pyrometer  which  was  focused  on  the  bottom  of  s  hole  drilled 
into  the  center  of  a  specimen;  the  hole  had  e  length  to  diameter  ratio  of 
10.  The  temperatures  coopered  to  within  +10°C  over  the  entire  temperature 
range.  Tbla  would  be  expected  as  the  emissivity  of  pyrolytic  graphite 
perpendicular  to  the  c-axls  Is  quite  high. 
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TEMPERATURE  (°C) 


The  dimensions  were  measured  with  a  one-inch  (0.0001)  micrometer.  In 
general  the  surfaces  after  a  test  were  very  nearly  parallel.  Each  sample 
was  measured  at  each  corner,  the  center  of  each  edge  and  the  center  after 
the  test.  The  samples  were  measured  in  both  the  c-direction  and  the  a-b 
directions . 

The  first  determination  made  was  the  minimum  temperature  at  which  deforma¬ 
tion  would  occur  without  load.  This  temperature  was  found  to  be  2600°C. 

In  order  to  determine  the  threshold  of  permanent  deformation  with  load, 
preliminary  testing  was  conducted  at  a  stress  of  4200  psi,  which  is  low 
relative  to  the  range  of  stress  of  interest,  while  the  specimen  was  held  at 
temperature  for  50  seconds.  This  testing  was  begun  at  a  temperature  of 
2200°C.  The  threshold  temperature  on  the  plate  obtained  from  HTM  was  found 
to  be  approximately  2300°C.  The  permanent  deformation  resulting  from  the 
above  combination  of  stress  and  time  was  found  to  be  0.25  percent.  This 
threshold  temperature  is  300°C  lower  than  the  minimum  temperature  for  de¬ 
formation  to  occur  without  load  as  found  in  this  investigation  and  as 
reported  by  Richardaon  and  Zehms.^*29  jjo  effort  was  made  to  determine  the 
minimum  temperature  at  which  deformation  would  occur  when  a  sample  was  sub¬ 
jected  to  a  load  greater  than  5000  psi  or  for  times  longer  than  50  seconds. 

The  initial  phase  of  the  testing  was  concentrated  within  the  range  of  200°C 
above  the  threshold  of  permanent  deformation.  This  war  done  in  order  to 
establish  trends  of  the  deformation  with  respect  to  time,  load,  and  temper¬ 
ature  and  to  determine  the  accumulative  nature  of  deformation  on  specimens 
which  were  repeatedly  tested.  The  results  of  this  initial  phase  of  testing 
are  shown  in  Table  4.3.  The  percentage  decreases  for  the  accumulative 
tests  are  based  on  the  original  dimensions  of  the  specimens  before  the  first 
r-n.  As  would  be  expected,  these  results  show  that  deformation  increases 
with  increasing  time,  temperature,  and  load. 

The  results  of  this  phase  of  the  testing  are  shown  graphically  in  Figure  4-24 
where  time  is  used  as  the  abscissa  and  in  Figure  4-25  where  temperature  is 
the  abscissa.  Insufficient  data  were  obtained  to  plot  the  dcta  against 
stress.  Each  point  plotted  in  Figure  4-25  represents  one  sample  tested. 

The  second  phase  of  testing  involved  higher  temperatures  and  lower  loads. 
These  results  are  tabulated  in  Table  4.4.  Extreme  difficulty  of  applying 
the  simple  testing  technique  was  encountered  at  the  higher  temperatures. 
Temperatures  of  3000°C  were  attempted;  however,  no  usable  data  were  obtained 
above  2fc'’0oC  and  at  this  temperature  only  for  low  load.  Rather  large 
incremental  increases  in  deformation  were  observed  at  the  higher  tempera¬ 
tures  (above  27CO°C) .  In  30  seconds  deformations  of  over  3-1/2  percent  were 
obtained  on  specimens  36  and  40  with  relatively  low  loads  at  the  higher 
temperatures . 

The  results  of  this  second  phase  are  shown  grapuically  in  Figures  4-26  and 
4-27  where  deformation  is  plotted  against  time  and  temperature,  respectively. 
Each  point  plotted  represents  one  sample  tes-ted. 
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FIGURE 


FIGURE  4 


4-24.  TIME  DEPENDENCE  OF  DEFORMATION  -  PHASE  1 
HTM  MATERIAL 
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-25.  TEMPERATURE  DEPENDENCE  OF  DEFORMATION  -  PHASE  1 
HTM  MATERIAL 
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FIGURE  4-26.  TIME  DEPENDENCE  OF  DEFORMATION  - 
PHASE  2  STC  MATERIAL 
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rilURE  4-27.  TEMPERATURE  DEPENDENCE  OF  DEFORMATION  - 
PHASE  2  STC  MATERIAL 
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Comparing  data  obtained  from  the  two  materials,  to  the  extent  that  this  can 
be  done,  leads  to  the  observation  that  the  STC  material  probably  underwent 
a  slightly  lower  deformation  for  a  given  set  of  test  conditions  than  did 
that  obtained  from  HTM.  Caution  should  be  exercised  in  attempting  to 
combine  data  from  the  two  phases  of  the  testing  since  the  two  phases  were 
conducted  using  materials  obtained  from  different  sources.  The  influences 
of  mlcrostructural  differences  of  the  two  materials  have  not  been  assessed. 

However,  in  order  to  ootain  an  indication  of  the  relative  influence  of  the 
three  parameters  time,  temperature,  and  stress,  the  data  from  the  two  phases 
have  been  combined  in  order  to  develop  surfaces  in  three. space.  These 
surfaces  for  constant  temperature,  time,  and  stress  are  shown  in  Figures  4-28, 
4-29  and  4-30,  respectively.  The  constant  temperature  surfaces  shown 
in  Figure  4-28  are  the  only  ones  that  can  be  generated  with  the  available 
data.  Only  traces  in  other  surfaces  could  have  been  shown.  The  2770°C 
surface  has  been  generated  with  only  three  data  points  and  cannot  be  con¬ 
sidered  to  be  piecise.  However,  it  is  included  for  comparison  with  the 
2310°C  surface.  The  greater  degree  of  steepness  of  the  higher  temperature 
surface  is  quite  apparent. 

On’.y  one  constant  time  surface  is  shown  in  Figure  4-29.  This  is  the  30- 
second  surface  for  which  the  most  data  exist.  This  surface  shows  very 
graphically  the  effect  of  temperature  and  stress  upon  the  deformation, 
especially  at  the  higher  temperatures. 

The  majority  of  the  test  data  was  obtained  at  a  stress  of  13  ksi.  This 
well  defined  surface  is  shown  in  Figure  4-30.  Since  the  available  data  do 
not  permit  extension  of  this  surface  to  the  higher  temperatures,  traces  of 
the  11  ksi  and  7  ksi  surfaces  are  shown.  The  marked  increase  in  the  effect 
of  temperature  at  these  stress  levels  is  quite  apparent.  It  appears  that 
the  13  ksi  surface  extends  only  to  the  onset  of  greatly  increased 
deformations. 

Figure  4-31  shows  percent  deformation  versus  time  for  a  series  of  samples 
which  were  retested.  These  samples  were  all  tested  at  the  same  temperature 
(2520°C)  and  load  (13,000  psi) .  The  curve  labeled  first  run  is  the  defor¬ 
mation  versus  time  for  samples  21,  22,  and  23.  For  the  second  run  the 
samples  were  rerun  under  identical  conditions  as  the  first  run  (i.e., 
sample  21  was  heated  to  2S20°C  with  a  13,000  psi  load  for  10  seconds, 
making  a  total  of  20  seconds  at  temperature) .  The  percent  deformation  for 
the  second  run  is  the  percent  change  In  c-axis  length  from  the  first  to  the 
second  run.  Likewise,  the  percent  change  for  the  third  run  is  the  percent 
change  in  c-axia  length  from  the  ..cond  to  Che  third  run.  Figure  4-32 
shows  the  same  data  replotted  to  that  the  deformation  is  accumulative 
(i.e  each  data  point  is  the  change  in  length  from  the  original)  versus 
accumulative  time  (time  eaaple  wee  et  temperature).  The  slope  of  the  curve 
for  the  10-second  runs  is  much  steeper  then  the  elope  for  the  longer  runs. 
This  would  indicate  that  for  a  given  length  of  time  et  temperature,  If  chit 
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FIGURE 


FIGURE 


4-28.  DEFORMATION  SURFACE  FOR  CONSTANT  TEMPERATURE 


29.  DEFORMATION  SURFACE  FOR  CONSTANT  TIME  OF  30  SECONDS 


FIGURE  4-30.  CONSTANT  STRESS  SURFACE 


FIGURE  4-31.  DEFORMATION  VERSUS  TIME  FOR  REPEATED  LOADING 
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FIGURE  4-32.  ACCUMULATIVE  DEFORMATION  VERSUS  TIME  FOR 
REPEATED  LOADING 
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tins  mk  accumulated  by  a  ■•rial  of  vary  short  runs,  the  deformation  would 
ba  much  higher  than  if  the  time  ware  achieved  in  a  small  number  of  long 
runs.  This  la  an  unexpected  and,  at  present,  an  unexplained  phenomenon 
which  may  ba  due  to  the  experimental  techniques. 

Other  samples  besides  those  used  for  establishing  the  threshold  temperature 
and  those  listed  in  Tables  4.3  and  4.4  were  tested.  One  sample  tested  at 
and  20  ksl  fractured  at  a  time  of  23  seconds.  Subsequent  testing  at 
title  temperature  was  conducted  at  11  ksi.  A  sample  tested  at  2850°C  and 
13  kel  fractured  in  17  seconds.  Only  one  data  point,  at  7  ksl,  was  obtained 
at  this  temperature.  Another  sample,  tested  at  3000°C  and  loaded  to  13  ksl 
shattered  in  3  seconds.  As  a  consequence,  no  further  testing  was  attempted 
at  this  extreme  temperature. 

Measurements  of  the  deformed  samples  were  made  in  the  a  and  b  directions  as 
well  as  in  the  c-dlrectlon.  These  measurements  indicated  that  the  volume 
change  of  the  sas^les  in  all  cases  were  negligible.  Both  the  a  and  b  dimen¬ 
sions  showed  an  increase  for  all  samples. 

All  data  obtained  from  samples  which  successfully  completed  their  testing 
cycles  have  been  reported. 


The  onset  of  large,  rapid  permanent  deformation  in  pyrolytic  graphite  com¬ 
pressed  in  the  c-directlon  appears  to  occur  in  the  range  of  2600-2700°C. 
The  c-dlrection  deformation  Increased  rapidly  above  this  temperature  even 


when  tasted  at  stresses  as  low  as  7  ksi.  This  is  the  same  temperature 
range  in  which  large  plastic  deformations  occur  when  the  material  is 

in  tension  in  the  direction  of  the  basal  planes.**10 


tested 


In  order  to  determine  whether  the  deformations  recorded  were  partly  due  to 
structural  transformation  of  the  material,  several  samples  were  subjected  to 
X-ray  diffraction.  Since  this  transformation  is  more  likely  to  occur  at  the 
higher  temperatures,  only  the  phase  2  material  was  examined.  The  surfaces 
of  three  smaples  were  studied.  A  sample  of  untested  material  (STCj ,  sam¬ 
ple  36  which  experienced  a  4.94  percent  deformation  at  2770°C,  and  sample  38 
which  underwent  a  0.97  percent  deformation  at  2&90°C  were  examined.  All 
three  aJsq>les  displayed  a  unit  cell  c0  dimension  of  6.837  ft.  This  dimension 
is  typical  of  aa -deposited  pyrolytic  graphite  and  indicated  that  no  meas¬ 
urable  structural  transformation  occurred  at  the  faces  of  the  samples  during 
testing. 

Samples  36  and  38  ware  split  in  halves  and  the  interior  material,  which 
experienced  the  test  temperature,  was  examined.  Sample  38  showed  a  c0 
dimension  of  6.832  X  which  is  only  slightly  different  from  the  value  for 
the  as -deposited  material.  Sample  36,  which  experienced  the  greatest 
deformation  at  high  temperature,  showed  an  (004)  doublet  indicating  varying 
values  of  the  Cg  dimension  and  thus  varying  degrees  of  structural  transfor¬ 
mation.  The  two  measured  values  of  cQ  are  6.768  and  6.716  A.  The  latter 
value  is  representative  of  a  highly  transformed  material. 
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Since  Che  heated  sample*  were  In  contact  with  the  water-cooled  electrodes, 
the  contact  surfaces  were  cooler  than  the  interior  of  the  material.  This 
probably  accounts  for  the  absence  of  transformation  at  the  faces  of  the 
samples.  During  the  observation  of  the  samples  with  the  disappearing 
filament  pyrometer,  it  was  found  that  the  sample  had  a  constant  temper¬ 
ature  cone  over  90  percent  of  the  thickness.  Approximately  5  percent  of 
the  sample  at  each  end  was  at  a  much  lower  temperature.  Mo  attempt  has 
been  made  to  determine  the  true  nature  of  any  distribution  of  temperature 
in  the  test  samples.  The  temperatures  reported  are  those  measured  at  the 
center  of  the  visible  face  of  the  samples. 

4.6  THERMAL  FATIGUE  TESTS 

To  obtain  a  first  look  at  thermal  fatigue  of  the  candidate  materials,  some 
preliminary  testing  was  undertaken.  The  tungsten  used  was  in  the  form  of 
a  3  inch  by  0.4  inch  by  0.12S  inch  bar  obtained  from  Climax  Molybdenum 
Company.  The  material  was  supplied  in  the  form  of  a  1/8  inch  sheet  and  was 
the  same  material  used  in  other  material  experiments.  The  graphite  used 
was  ATJ  in  the  form  of  1/4  inch  by  1/2  inch  by  3  inch  bars.  The  samples 
were  heated  in  a  vacuum  bell  jar  which  could  Le  back-filled  with  argon. 

The  power  supply  was  a  4000  amp,  10  volt  ac  source.  The  samples  we^e 
clamped  onto  water  cooled  copper  electrodes.  The  clamp  consisted  of  a 
copper  plate,  1/8  inch  thick,  which  was  held  in  place  by  four  screws,  This 
copper  plate  was  not  directly  cooled,  but  a  copper  spacer,  the  same  thick¬ 
ness  as  the  sample,  was  put  behind  the  sample  to  provide  a  better  conduction 
path  to  the  cooled  electrode.  The  power  was  applied  to  the  sample  by 
adjusting  a  variable  trims  former  to  a  preset  power  level  and  the  full 
preset  power  left  on  for  30  seconds.  The  variable  transformer  was  then 
adjusted  to  zero.  The  samples  reached  temperature  in  approximately  12 
seconds.  After  power  shut  off,  a  temperature  below  400°C  was  achieved  in 
30  seconds  by  the  graphite  and  in  la  second?  by  the  tung  ten.  The  tungsten 
was  allowed  to  cool  for  a  total  of  45  seconds  and  the  temperature  reached 
approximately  i50-?00°C.  The  graphite  samples  %-ere  allowed  to  cool  for 
90  seconds.  The  temperature  was  measured  with  a  continuously  recording 
2-color  pyrometer  which  had  been  calibrated  to  read  true  temperature. 

The  samples  are  shown  after  testing  in  Figure  4-33.  The  results  are 
tabulated  in  Table  4.5. 


After  toating,  while  still  clamped  onto  the  water  cooled  electrodes,  Sample 
1  displayed  a  gap  of  about  0.015  inch.  However,  upon  removal  from  the 
electrodes,  the  specimen  showed  no  net  change  in  length.  This  would 
indicate  that  the  specimen  had  not  been  tightly  clasped  and  tome  slippage 
had  occurred,  at  least  on  the  first  heating.  Samples  2  and  3  suffered 
gross  loss  of  material  from  sublimation  in  the  regions  of  their  fractures. 
Thus  they  broke  in  regions  of  very  porous,  weak  material. 


FIGURE  4-33.  THERMAL  FATIGUE  SAMPLES  AFTER  TEST 


TABLE  4.5 


PRELIMINARY  THERMAL  FATIGUE  TEST  DATA 


Sample 

No. 

Material 

ATM 

Maximum 

Temperature 

Result 

1 

ATJ 

Graphite 

Vacuum 

HT^Torr 

2500°C 

Sample  broke  after 

90th  heat. 

2 

ATJ 

Graphite 

Vacuum 

10"-*Torr 

3100°C 

Sample  broke  during 

2nd  heating. 

3 

ATJ 

Graphite 

10"  Ar 

3150°C 

Sample  broke  during 
14th  heating. 

4 

ATJ 

Graphite 

20"Ar 

2900°C 

Sample  cycled  100 
times  without  failure. 

V 

W 

Vacuum 

10_5Torr 

2600°C 

Sample  cycled  100 

Limes  without  failure. 

No  indication  of 
cracking. 


It  would  be  difficult  to  estimate  the  exact  degree  of  constraint  afforded 
by  the  electrodes;  however.  Sample  V  did  suffer  plastic  deformation  during 
test  as  evidenced  by  a  slight  out -of -plane  joggle  caused  by  a  slight  mis- 
alignment  of  the  holding  fixture. 

This  preliminary  testing  was  to  tc  used  to  indicate  whether  thermal  fatigue 
was  definitely  s  problem.  Hove-', .  ,  no  such  clear  results  came  from  these 
tests.  Had  the  specimens  cracked  after  a  few  cycles,  it  could  be  concluded 
that  thermal  fatigue  was  potentially  a  serious  problem.  Ulth  the  results 
obtained,  no  such  conclusion  can  be  reached  without  further  study. 
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SECTION  5 

ROCKET  MOTOR  TESTS 


Fourteen  nozzles  with  S/8-inch  diameter  throats  were  tested  at  nominal  con¬ 
ditions  of  700  psia  chamber  pressure  and  325  pounds  thrust.  The  purposes 
of  these  tests  were  (1)  to  evaluate  design  concepts,  (2)  to  provide  a 
comparison  of  material  performances  in  the  various  nozzle  sections,  (3)  to 
establish  a  range  of  restart  capabilities  for  the  primary  nozzle  materials, 
and  (4)  to  corroborate  analysis  where  applicable.  The  rocket  motor  tests  were 
conducted  on  the  Aeronutronlc  Solid  Propellant  Simulator  at  the  Newport 
Beach  facility.  All  tests  utilised  a  simulation  of  CYI-75,  an  aluminized 
solid  propellant  with  a  combustion  temperature  of  6175°F.  Duty  cycles  were 
varied  for  each  test  to  provide  the  maximum  amount  of  useful  information 
over  the  spectra  of  materials  and  design  concepts  that  were  investigated. 

A  summary  of  these  rocket  motor  tests,  including  the  materials  investigated, 
duty  cycles  employed,  test  conditions,  throat  performances,  and  conclusions, 
is  presented  in  Table  5.1.  For  nozzle  sketches  and  post  test  photographs 
see  References  5.1  and  5.2. 

As  a  result  of  this  phase  of  the  test  effort,  certain  conclusions  applicable 
to  restartable  nozzles  can  be  reached  concerning  material  applicability, 
duty  cycle  limitations,  and  problem  areas  that  require  additional  investiga¬ 
tion.  To  facilitate  the  presentation  of  these  conclusions  and  observations, 
each  of  the  four  basic  sections  of  the  nozzle  (i.e.,  the  throat,  the 
entrance  or  aft  closure,  the  exit  cone,  and  the  backup  structure  or 
insulation)  is  treated  as  an  entity.  It  must  be  remembered  that  inter¬ 
dependency  among  these  sections  exlits  in  practice  and  is  the  final  deter¬ 
minant  of  overall  nozzle  performance. 
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TABLE  5.1 

RESTART  ROCKET  MOTOR  TESTS  -  SUMMARY 


TABU  5.1  (Continued) 


*  1  i  J  ||M| 


5.1  NOZZLE  THROAT  SECTIONS 

The  basic  throat  materials  and  material  subgroupings  that  were  considered 
for  restart  nossie  application  are  depicted  in  Figure  5-1.  It  should  be 
nentioned  that  ablative  plastics,  curb ides,  nitrides,  borides,  oxides,  etc., 
mere  not  considered  as  candidates  for  res tar table  rocket  nozzle  throat 
materials  based  on  experience  and  prior  results. 

The  rocket  motor  tests  showed  that  polycrystalline  graphites  should  be 
eliminated  frost  further  consideration  in  this  program.  Assuming  a  5  percent 
area  enlargement  limit,  ATJ  graphite  as  a  throat  material  is  limited  to 
short  pulses  of  six  seconds  or  less,  with  adequate  cooldown  between  pulses, 
and  a  maximum  of  eight  to  ten  restarts  based  on  the  erosion  results  gathered 
with  these  tests.  The  use  of  a  higher  density  polycrystalline  graphite  such 
as  Graphitlte  GX  extends  these  limits  slightly  but  not  significantly.  For 
most  missions  and  invlsioned  future  mission  requirements,  this  limitation 
is  prohibitively  restrictive.  That  is  not  to  say  that  the  use  of 
polycrystalline  graphites  as  throat  materials,  along  with  the  ablative 
plastics,  must  be  rejected  for  use  in  the  very  large  rocket  nozzles,  but  an 
experimental  treatment  of  this  problem  is  beyond  the  scope  of  this 
investigation. 

By  the  same  token,  present  state-of-the-art  fabrication  inadequacies  of 
the  shell  configuration,  or  s-b  plane  deposited  form  of  pyrolytic  grephlte, 
preclude  its  use  in  e  restart  application.  Although  this  method  of  utilizing 
pyrolytic  graphite  shows  some  merit  In  theory,  its  *  tual  performance  is 
unreliable. 

Thus,  In  effect,  pyrolytic  graphite  throats  of  the  stacked  edge  grained 
washer  configuration,  and  tungsten  become  the  primary  candidates  for  re- 
s tar table  nossie  throat  materials. 

The  use  of  edge  grained  pyrolytic  graphite  throats  is  primarily  a  function 
of  chemical  corrosion. 

Firing  times  without  an  adequate  cooldown  period  are  limited  to  50  to 
60  seconds  (for  the  throat  diamatar  and  radial  thicknesses  used  in  these 
teats)  and  are  independent  of  pulse  length  or  number  of  pulses  (i.e.,  10- 
5  second  pulses  with  short  down  times  may  be  treated  as  a  single  SO  second 
firing).  Duty  cycle  limits  for  pyrolytic  graphite  noazles  of  the  configura¬ 
tion  used  in  these  rocket  motor  tests  have  been  established  in  terms  of 
number  of  cycles  versus  firing  time/cycle  for  the  minimum  and  maximum  delay 
times.  These  limits  ere  shown  in  Figure  5-2.  The  curves  ere  grouped  with 
the  analogous  curves  for  the  development  and  demonstration  test  phases  to 
facilitate  seeling  comparisons.  Indications  arc  that  annealing  or  partial 
anneal ing  of  pyrolytic  graphite  can  extend  the  total  allowable  firing 
duration  to  e  degree.  The  use  of  e  naxtnwn  puls a  length  before  adequate 
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FIGURE  5-1.  NOZZLE  THROAT  MATERIAL  CANDIDATES  FOR  RRSTARTABLE  SOLID 
PROPELLANT  ROCKET  MOTORS 
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cooling  effectively  reduces  the  maxi—  a  1  lovable  pulse  length  of  subsequent 
cycles  slightly  due  to  washer  gapping  and  creation  of  resultant  sites  for 
selective  erosion.  Design  Mechanics  such  as  allowance  for  thermal  expansion 
does  not  appear  to  be  a  limiting  problem. 

Although  tungsten  has  exhibited  excellent  erosion  resistance,  it  has  sous 
serious  restart  limitations  when  compared  to  polycrystalline  graphite  for 
short  pulses,  or  to  edge -grained  pyrolytic  graphite  for  firing  times  up  to 
60  seconds.  There  Is  the  possibility  of  fracture  after  a  small  tu  a&er  of 
pulses  due  to  property  changes  which  occur  during  thermal  cycling. 

Dimensional  changes  during  long  firings  and  carbon  diffusion  while  hot  can 
seriously  limit  its  capabilities.  Leakage  behind  the  insert,  especially 
efter  several  firings,  can  also  be  s  limitation.  However,  due  to  Its 
excellent  erosion  resistance,  tungsten  should  be  given  furth  r  consideration, 
although  many  of  Its  properties  are  not  known.  Since  the  success  of  tungsten 
as  a  throat  material  ia  primarily  dependent  upon  its  interact*  n  or  comps  - 
ability  with  surrounding  nossle  materials,  and  it*  physical  retv.  it  ion  no 
meaningful  duty  cycle  curves  such  as  those  for  pyr^ly.lc  graphite  can  be 
established. 

5.2  NOZZLE  ENTRANCE  SECTIONS 

The  primary  entrance  suterlala  and  their  subgroupings  _  it  were  considered 
in  this  program  are  depicted  in  Figure  5*3. 

Neither  of  the  two  grades  of  polycrysealllne  graphite  examined  in  the 
entrance  sections  can  be  considered  as  adequate  for  restart  applications, 
particu’arjy  where  many  multiple  starts  ara  to  be  affected.  In  all  tests, 
the  ATJ  graphite  or  Graphitlte  GX  entrance  sections  cracked  on  either  the 
first  or  second  cycles.  These  ctacks  worsened  on  Subsequent  restarts,  and, 
where  the  outy  cycles  were  severe  enough,  the  entrance  acctions  failed 
completely.  This  failure  invariably  occurred  while  the  remainder  of  the 
nossle  was  still  in  a  condition  acceptable  for  restart.  Duty  cycla  limits 
for  the  ATJ  graphite  entrance  configuration  and  thickness  used  in  these 
rocket  motor  tests  in  terms  of  maker  of  cycles  versus  firing  time/cycle 
for  the  minimum  and  maxi—  de’ay  times  are  shown  in  Figure  5*4.  These 
curves  are  plotted  with  the  comparable  curve i  for  the  development  and 
demonstration  tost  pheaea  to  show  the  scaling  effect  as  in  Figure  5*2. 
it  must  be  emphasised  that  these  curves,  of  necessity,  do  not  take 
catastrophical  failures  into  account,  and  for  this  reason  the  ATJ  graphite 
appears  more  serviceable  than  an  ablative  plastic  in  this  entrance  section 
application.  It  is,  however,  this  very  mods  of  failure  that  has  occurred 
with  ATJ  with  monotonous  regularity  durlrg  the  rocket  motor  tests  that 
accents  its  inadequacies  and  lack  of  reliability  as  an  entrance  flamefront 
material. 

To  provide  e  broader  aspect  to  the  dut;  cycle  limitations  of  ATJ  graphite 
entrances  (Figure  5*4  ie  restricted  to  the  *00 -mil  entrance  cone  sise  used 
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FIGURE  5-3.  NOZZLE  ENTRANCE  MATERIAL  CANDIDATES  FOR  RE ST ART ABIE  SOLID  PROP 
ROCKET  MOTORS 
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in  the  rocket  motor  tests  since  it  is  based  solely  on  experimental  data) 
and  to  allow  some  latitude  in  nozzle  design,  a  plot  of  total  allowable 
firing  time  versus  section  thickness  has  been  constructed  in  Figure  5-5. 

This  curve  is  derived  from  a  simple  empirical  approach  in  which  only  cone 
thickness  is  varied.  Although  this  method  introduces  some  errors  inherent 
in  its  over  simplification,  it  can  provide  a  rough  estimate  of  total  firing 
time  as  a  function  of  entrance  cone  thickness.  Thus,  it  can  be  utilized 
in  mission  requirement -weight  limitation  tradeoff  studies.  For  convenience, 
and  to  provide  comparative  data,  the  ablative  plastic  (carbon  cloth 
phenolic)  family  of  curves  is  shown  on  the  same  plot.  As  in  Figure  5-5/ 
these  curves  do  not  consider  catastrophical  failure  of  the  ATJ  graphite. 

The  performances  of  carbon  cloth  phenolic  and  graphite  cloth  phenolic  in 
the  rocket  motor  entrance  section  were  comparable.  Both  showed  superior 
performance  to  the  polycrystalline  graphites  in  terms  of  physical  integrity. 
Although  their  erosion  rates  were  slightly  higher  than  the  polycrystalline 
graphites,  this  erosion  was  a  uniform  regression  free  of~ catastrophical 
failures.  As  a  result,  a  more  adequate  protection  of  the  throat  was 
achieved.  Duty  cycle  limits  for  carbon  cloth  phenolic  entrances  of  the 
configuration  and  thickness  used  in  these  tests  are  shown  in  Fi^  ire  5-6 
for  minimum  and  maximum  coast  times.  As  mentioned  above,  Figure  5-5  shows 
allowable  firing  time  for  a  range  of  carbon  cloth  phenolic  entrance  section 
thicknesses. 

5.3  NOZZLE  EXIT  SECTIONS 

No  particular  limitations  appear  to  be  critical  for  exit  materials  of  felther 
the  graphite  class  or  for  the  ablative  plastics.  The  gross  regression  noted 
on  the  rocket  motor  tests  involving  several  of  the  tungsten  insert  nozzles 
can  be  attributed  entirely  to  gas  leakage  behftd  the  tungsten.  In  cases 
where  leakage  was .overcome ,  little  exit  erosion  occurred.  Minimal  amounts 
of  erosion  of  the  exit  section  occurred  in  all  tests  involving  graphite  as 
the  throat  material.  The  exit  materials  considered  in  this  program  were  the 
same  as  the  entrance  materials  (see  Figure  5-3) . 

5.4  NOZZLE  INSULATION 

Figure  5-7  shows  the  various  insulation  materials  that  were  considered  for 
restart  application.  Table  5.2  presents  a  detailed  summary  of  the  fabrica¬ 
tion  procedures  for  all  the  plastics  used  in  this  program.  Although  the 
scope  of  this  program  did  not  permit  an  extensive  investiga'  on  of  the 
many  types  and  classes  of  insulations  in  use,  it  is  felt  that  those  con¬ 
sidered  were  representative  of  the  overall  reinforced  plastics  group. 
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FIGURE  5-6.  DUTY  CYCLE  LIMITS  -  CARBON  CLOTH  PHENOLIC  ENTRANCES 
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Asbestos  fur fury 1  sad  carbon  cloth  imidlte  were  eliminated  as  suitable 
insulation  materials  for  a  restart  application  because  of  their  high  char 
rate  and/or  their  lack  of  structural  Integrity.  Both  the  molded  asbestos 
and  silica  phenolics  showed  merit,  the  former  because  of  its  relatively 
low  char  rate  (even  under  protracted  heat  soak  conditions),  and  the  latter 
due  to  its  inherent  structural  integrity  after  long  firing  durations.  The 
effects  of  variation  in  resin  content,  raw  material  source,  method  of 
fabrication,  and  the  use  of  fillers  were  then  investigated  for  the  two 
primary  insulator  candidates.  The  use  of  a  low  resin  content  silica  pheno¬ 
lic  (PM  5019-25)  resulted  in  improved  performance  over  the  initial  silica 
phenolic  tested  (FM  5067).  A  measure  of  this  performance  was  a  decrease 
in  char  rate  to  a  level  comparable  to  the  asbestos  phenolic  while  maintain¬ 
ing  the  superior  structural  integrity  of  the  silica  phenolic  family.  This 
feature  provides  support  to  the  theory  that  a  minimisation  of  resin  content 
may  be  advantageous  in  restart  application  where  adequate  performance  is 
required  after  numerous  heat  soak  or  coast  periods.  Variation  in  material 
source  (asbestos  phenolic  FM  5062  versus  150  RPD)  had  no  effect  on  per¬ 
formance  for  the  two  types  tested.  For  this  application,  the  molding 
method  of  fabrication  proved  superior  to  the  tape  wrap  method  (asbestos 
phenolics  FM  5062  and  150  RPD  versus  asbestos  phenolic  RPD-41).  The  use 
of  a  cork  filler  in  the  case  of  asbestos  phenolic  (23  RPD)  showed  no 
advautage  over  the  unfilled  material,  and  resulted  in  a  higher  char  rate 
coupled  with  a  deterioration  of  structural  integrity.  Tables  5.3  and  5.4 
present  summaries  of  insulation  evaluation  for  the  entrance  and  throat 
sections,  respectively 

Duty  cycle  limits  have  been  established  for  asbestos  phenolic  (FM  5062) 
of  the  thickness  used  in  these  tests.  They  are  shown  graphically  for 
entrance  and  throe t  insulation  applications  in  Figures  5-8  and  5-9,  respec¬ 
tively,  and  arc  plotted  with  the  comparable  curves  for  the  development  and 
demonstration  test  phases  as  was  done  for  entrance  sections  to  show  scaling 
effects.  Figures  5-10  and  5-11  provide  a  broader  basis  for  the  use  of 
asbestos  phenolic  insulators  in  a  restart  application.  These  figures  shew 
the  effects  of  thickness  variations  on  total  allowable  run  time  and  are 
derived  from  the  experimental  data  for  the  specific  insulation  thicknesses 
used  coupled  with  the  use  of  the  empirical  equation  for  calculating  char 
thickness  detailed  in  References  5.1  and  5.2  with  run  tlmr?s  calculated  for 
limiting  values  of  char  thickness. 
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FIGURE  5-9.  DUTY  CYCLE  LIMITS  -  ASBESTOS  PHENOLIC  INSULATION 
BEHIND  THROAT  SECTION 
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FIGURE  5-IO.  MAXIMUM  ALLOWABLE  FIRING  TIME  VERSUS  THICKNESS 
FOR  ENTRANCE  INSULATION 
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FIGURE  5-11.  MAXIMUM  ALLOWABLE  FIRING  TIME  VERSUS  THICKNESS 
FOR  THROAT  INSULATION 
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Five  nozzles  with  1.25-inch  diameter  throats  were  tested  in  the  development 
phase  of  the  program.  The  propellant  simulated  (CYI-75) ,  combustion  tem¬ 
perature  (6175°F),  and  nominal  chamber  pressure  (700  psia)  were  identical 
to  those  of  the  rocket  motor  tests.  A  larger  motor  was  used  for  these  tests 
and  the  thrust  developed  was  approximately  1100  pounds.  This  test  series 
was  designed  to  (1)  utilize  the  knowledge  gained  in  the  program  to  design 
nozzles  for  particular  duty  cycles,  (2)  to  provide  additional  data  for  the 
demonstration  tests,  and  (3)  to  bring  all  previous  laboratory  efforts  and 
analysis,  combined  with  the  results  of  the  rocket  motor  tests,  together. 

The  development  tests  are,  therefore,  the  bridge  between  the  rocket  motor 
tests  and  demonstration  test.  Two  basic  duty  cycles  were  used  for  these 
tests,  the  second  of  which  was  modified  for  the  last  two  tests  as  a  result 
of  simulator  limitations.  A  summary  of  these  five  development  motor  tests, 
including  the  particular  duty  cycle  employed,  materials  utilized,  test  con¬ 
ditions,  throat  performance,  and  conclusions  is  presented  in  Table  6-1. 

Presentation  of  observations  and  conclusions  drawn  from  the  development 
motor  tests  follows  the  same  format  as  that  utilized  in  the  rocket  motor 
tests  (Section  5)  in  that  each  nozzle  section  is  treated  separately.  How¬ 
ever,  a  more  detailed  discussion  of  individual  test  results  can  be  made 
for  these  development  tests  due  to  the  limited  scope  and  the  reduction  of 
nozzle  variables  in  this  phase.  Figures  6-1  through  6-5  show  the  nozzle 
configurations  used  in  these  terts  as  well  as  summarizing  nozzle  material 
performance  in  terms  of  erosior.  data. 

6.1  DEVELOPMENT  NOZZLE  THROAT  SECTIONS 

As  a  result  of  the  rocket  motor  tests,  edge  grained  pyrolytic  graphite  and 
tungsten  were  the  only  logical  throat  candidates  for  consideration  in  the 
development  motor  test  phase  (see  Paragraph  5.1). 
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The  rocket  motor  tests  did  not,  however,  present  any  clear  cut  choice  aacnfe 
Che  annealed,  as-deposited  or  heat  treated  (partially  annealed)  states  of 
pyrolytic  graphite.  In  an  attempt  to  obtain  more  comparative  data  in  this 
area  Develppaent  Tests  1,  3  and  5  utilised  nossle  throat  stacks  composed 
of  the  aforementioned  materials.  An  examination  of  Table  6.1  shows  that 
the  development  tests  did  nothing  to  establish  a  performance  superiority 
of  any  one  of  these  materials  over  the  other  two.  When  the  simulator  func¬ 
tioned  properly,  none  of  the  nossles  exhibited  any  erosion  under  the  duty 
cycles  imposed.  Duty  cycle  limits  for  pyrolytic  graphite  nozzles  of  the 
configuration  used  in  these  Development  Motor  tests  have  been  established 
in  terms  of  number  of  cycles  versus  firing  time  per  cycle  for  the  minimum 
and  maximum  delay  times.  These  limits  are  shown  in  Figure  5-2  with  the 
analogous  curves  for  the  rocket  motor  tests  and  the  demonstration  test. 

Tests  2  and  4  utilized  tungsten  as  the  throat  material.  The  arc  cast  rolled 
and  extruded  tungsten  was  chosen  as  opposed  to  the  gas  pressure  bonded  micro- 
sphere  type  primarily  because  of  availability  and  compatibility  with  sched¬ 
uling  requirements.  They  differed  from  each  other  in  that  Test  2  utilized 
a  two  segmented  insert  split  radially  at  the  sonic  line  while  Test  4  con¬ 
sisted  of  a  single  piece  insert.  Performances  were  identical  in  that 
neither  showed  any  throat  regression  for  the  duty  cycle  employed.  There 
was,  in  fact,  a  decrease  in  radial  dimension  of  the  throat  in  each  case. 

This  is  discussed  more  fully  in  Paragraph  8.2.  Both  inserts  obtruded 
approximately  0.062  inch  per  test  phase.  This  supports  the  conclusion  that 
the  success  of  tungsten  as  a  throat  material  is  primarily  dependent  upon 
design  criteria  rather  than  a  predictable  thermal  erosion/corrosion  re¬ 
sponse,  as  is  true  for  pyrolytic  graphite.  The  logical  inference  is, 
therefore,  that  although  tungsten  presents  a  superior  corrosion  resistance 
than  pyrolytic  graphite  it  is  inherently  less  reliable  in  restart  applica¬ 
tion  due  to  a  failure  mode  which  must  be  considered  catastrophic. 

6.2  DEVELOPMENT  NOZZLE  ENTRANCE  SECTIONS 

ATJ  graphite  ana  carbon  cloth  phenolic  were  chosen  as  entrance  materials  for 
the  development  test  phase.  These  materials  were  considered  representative 
of  the  material  families  investigated  in  the  rocket  motor  tests  (see 
Figure  5-3).  As  stated  in  Paragraph  5.2,  neither  material  proved  better 
than  marginal  for  restart  application.  The  primary  purposes  of  this  test 
phase,  in  terms  of  entrance  sections,  were  (1)  an  attempt  to  design  a  poly¬ 
crystalline  graphite  entrance  that  would  not  fail  catastrophically  under 
restart  conditions  and  (2)  to  determine  more  precisely  the  erosion  rate  of 
an  ablative  plastic  entrance  section.  The  initial  three  tests  of  this  series 
utilized  ATJ  graphite  as  an  entrance  material,  and  the  latter  two  tests 
employed  carbon  cloth  phenolic  entrances.  Development  nozzle  No.  I, 

Figure  6-1,  used  stepped  ATJ  washers  forward  of  the  throat.  These  washers 
cracked  badly  during  the  first  phase  of  the  duty  cycl''.  These  cracks 
worsened  during  the  second  phase  of  the  duty  cycle,  and  it  is  highly  ques¬ 
tionable  whether  the  entrance  section  would  have  survived  another  firing 
phase.  The  entrance  of  development  nozzle  No.  2  was  similar  to  that  ->f  the 
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first  nozzle,  and  its  performance  was  equally  poor.  The  condition  of  the 
ATJ  graphite  after  completion  of  firing  was  marginal  at  best.  Development 
nozzle  No.  3  employed  an  entrance  section  in  which  the  ATJ  graphite  washers 
were  allowed  virtually  unrestrained  axial  motion.  No  cracking  of  the  ATJ 
was  noted  after  the  test,  indicating  the  soundness  of  design  approach. 
However,  s  comparison  of  Station  (2)  of  Figure  6-3  with  Stations  (1)  of 
Figures  6-4  and  6-S  at  approximately  the  same  values  shows  little  or  no 
advantage  in  regression  rate  as  compared  to  carbon  cloth  phenolic  entrance 
sections.  As  Figures  6-4  and  6-5  show,  the  carbon  cloth  phenolic  entrance 
sections  of  development  nozzles  4  and  5  are  comparable.  Botn  performed 
satisfactorily  from  a  structural  standpoint,  but  their  relatively  high  ero¬ 
sion  rates,  compared  to  both  tungsten  and  pyrolytic  graphita  throat  sec¬ 
tions,  leave  much  tc  be  desired. 

Duty  cycle  limits  for  the  ATJ  graphite  entrance  configuration  and  thickness 
used  in  these  development  tests  in  terms  of  number  of  cycles  versus  firing 
time/cycle  for  the  minimum  and  maximuni  delay  times  are  shown  in  Figure  5-4. 
These  curves  are  plotted  with  the  comparable  curves  for  the  rocket  motor 
and  demonstration  test  phases  to  show  the  scaling  effect  as  in  Figure  5-2. 

Tc  provide  a  broader  aspect  to  the  duty  cycle  limitations  of  ATJ  graphite 
entrances  and  to  allow  some  latitude  in  nozzle  design,  a  plot  of  total 
allowable  firing  time  versus  section  thickness  has  been  constructed  in 
Figure  5-5.  The  derivation  of  this  curve  is  explained  in  Paragraph  5-2. 

For  convenience,  and  to  provide  comparative  data,  the  ablative  plastic 
(carbon  cloth  phenolic)  family  of  curves  is  shown  on  the  same  plot.  Duty 
cycle  limits  for  carbon  cloth  phenolic  entrances  of  the  configuration  and 
thickness  used  in  these  tests  are  shown  in  Figure  5-6  for  minimum  and  maxi¬ 
mum  coast  times. 

An  obvious  and  vital  conclusion  which  cannot  be  overemphasized  can  be  drawn 
from  the  rocket  motor  and  development  test  serirs: 

The  restart  test  series  has  shewn  that  a  problem  exists  with  nozzle  entrances 
that  is  equal  to,  if  not  greater  tnan,  that  of  the  throat.  This  problem 
centers  about  creation  of  an  entrance  that  will  perform  adequately  from 
both  a  thermal  and  structural  standpoint.  Invariably,  the  over.  11  .ozzle 
performance  has  «uffered  from  an  entrance  section  performance  vh* „h  is,  at 
best,  marginal.  Many  of  the  duty  cycle  limitations  of  throat  r  .terials, 
particularly  tungsten,  are  critically  limited  by  poor  entranc  performance. 
Although  an  ablative  entrance  has  shown  an  overall  improves*-  t  over  graphite 
entrances,  its  erosion  rate  is  high  enough  to  be  unacceptable  where  pulses 
of  long  duration  are  a  part  of  the  duty  cycle.  A  concentr xceC  eitort  in 
terms  cf  material  and  design  evaluation  geared  toward  solving  this  problem 
or  at  least  alleviating  it  to  the  extent  that  entrance  performance  is  com¬ 
parable  to  throat  performance  will  be  required. 
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6.3  DEVELOPMENT  NOZZLE  EXIT 

The  development  nozzle  exit  sections  in  all  cases  corroborated  the  con¬ 
clusions  drawn  from  the  rocket  motor  tests,  i.e.,  no  problems  areas  have 
been  uncovered  tor  nosxle  exit  sections  in  terms  of  restart  capabilities. 
Future  efforts  should  be  directed  toward  weight  and  design  optimization. 

c.4  DEVELOPMENT  NOZZLE  INSULATION 

Of  those  materials  considered  in  the  rocket  motor  tests  (Figure  5-7), 

FM-5062  molded  asbestos  phenolic  and  RPD-41  tape  grade  asbestos  phenolic 
were  chosen  for  use  in  the  development  test  phase.  The  choice  of  asbestos 
phenolic  FM-5062  was  based  on  its  relatively  superior  properties,  as 
discussed  in  Paragraph  5.4.  The  tape  grade  asbestos  phenolic  (RPD-41)  was 
chosen  for  two  reasons.  The  primary  reason  for  utilizing  the  asbestos 
tape  insulator  was  so  that  special  thermocouples  could  be  wrapped  in 
precise  locations  within  thi  insulation  in  an  effort  to  obtain  thermal 
response  data  for  the  corroboration  of  the  ablation  analysis.  The  second 
reason  for  using  RPD-41  was  to  verify  the  superior  performance  of  the  melded 
asbestos  phenolic  noted  in  the  rocket  motor  tests.  Regrettably,  the  low 
resin  silica  pheo  lie  (FM  5019-25)  could  not  be  included  in  this  phase 
since  it  would  require  a  number  of  controlled  experimental  firings  to 
establish  the  credibility  of  its  superior  properties.  A  stu'y  such  as  this 
was  considered  to  be  >eyord  the  scope  of  this  program.  Tables  6.2  and  6.3 

present  summaries  of  insulator  evaluation  for  the  entrance  and  tbroat 

sections,  respectively,  .’.s  these  tables  show,  the  molded  FM-3062  asbestos 
phenolic  exn«bits  a  superior  performance  over  the  tape  grade  in  terms  of 

lower  char  growth  versus  Use.  This  verifies  the  data  obtained  ir  the 

rocket  motor  tests. 

Duty  cycle  limits  have  been  established  for  asbestoc  phenolic  (FM  5062)  of 
cne  thickness  used  in  these  tests.  They  are  shown  graphically  tor  entrance 
and  throat  insulation  applications  in  Figures  5-8  and  5-9,  respectively, 
ano  are  plotted  with  the  comparable  curves  for  the  rocket  motor  and  demon¬ 
stration  test  phases.  Figures  5-10  and  5-11  provide  a  broader  basis  for 
the  use  of  asbestos  phenolic  insulators  in  a  restart  application.  These 
figures  shew  the  effects  of  thickness  variations  on  total  allowable  run 
time  and  are  derived  in  the  manner  described  in  Paragraph  5.4. 
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TABLE  6.2 


ENTRANCE  INSULATOR  EVALUATION  -  DEVELOPMENT'  MOTOR  TESTS 

K 

Test  No. 


Mate  r i  ti 

Descrip  tion 

1 

O 

L. 

-J 

4 

5 

Asbestos 

Phenolic 

K  = 

where 

1.  FM  5062 

2.  RPD  41 

0.032 

0.029 

J.055 

0.040 

0.045 

6C  =  char  thickness,  inches 

t  =  firing  time,  seconds 

K  =  characteristic  constant 
of  char  growth 


TABLE  6.3 


THROAT  INSULATOR  EVALUATION  -  DEVELOPMENT  MOTOR  TESTS 


Material 


Description 


K 

Test  No. 
3 


Ashe  s Los 
Then  lie 

K  ,<5c/-/t‘ 


1.  FM  3 062 

2.  RPD  4i 


0.020 


0.020 


0.043 


0.025  0.030 


where 


<5C  =  char  thickness,  inches 

t  =  firing  t>. . ,  seconds 

K  =  characteristic  constant 
of  char  growth 
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SECTION  7 

DEMONSTRATION  TESTS 


The  design,  fabrication,  and  test  of  the  demonstration  nozzle  represents 
the  culmination  of  all  efforts  expended  in  the  rocket  motor  and  develop¬ 
ment  test  phases  of  this  program.  The  purpose  of  this  demonstration  test 
was  to  show  the  feasibility  of  scaling  up  a  nozzle  design  utilizing  the 
experience  from  the  prior  two  test  phases  and  to  demonstrate  the  ability 
of  such  a  nozzle  to  satisfactorily  undergo  a  duty  cycle  which  is  of  max¬ 
imum  severity  and  contains  a  rigorous  number  of  varied  firing  cycles. 

7.1  TEST  CONDITIONS 

The  demonstration  nozzle  contained  a  2.50-inch  diameter  throat  and  was 
tested  at  nominal  conditions  of  700  psia  chamber  pressure  and  5190  pounds 
of  thrust.  Firings  were  conducted  on  an  Aeronutronic  Solid  Propellant 
Simulator  at  the  El  Toro  remote  test  site.  The  propellant  simulation 
(CYI-75  with  a  6175°F  theoretical  combustion  temperature)  was  identical 
to  that  used  in  the  previous  test  phases  of  this  program. 

7.2  DUTY  CYCLE 

The  specific  duty  cycle  established  for  this  test  was  based  on  two  primary 
factors.  It  was  considered  the  most  severe  combination  of  firing  conditions 
that  could  be  imposed  on  the  nozzle  while  maintaining  a  satisfactory  per¬ 
formance.  The  duty  cycle  was  also  chosen  as  being  representative  of  a 
fictitious  but  realistic  mission  requirement.  Figure  7-1  illustrates  the 
demonstration  nozzle  duty  cycle. 
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7.3  NOZZLE  DEST'N 

The  nozzle  designed  for  the  demonstration  test  is  illustrated  in  Figure  7-2. 
The  contour  and  internal  configuration  is  basically  the  same  as  that  used 
throughout  the  earlier  fee.  phases.  The  basis  for  materials  usage  and 
specific  design  criteria  are  described  in  the  following  paragraphs. 

The  choice  of  as-deposited  pyrolytic  graphite  for  the  throat  material  was 
based  on  several  con  iderations.  As  explained  in  Sections  5  and  6,  edge 
grained  pyrolytic  graphite  and  tungsten  were  the  only  logical  throat 
candidates  for  restartable  solid  propellant  rocket  nozzles  of  this  size 
and  subjected  to  this  test  environment.  Pyrolytic  graphite  was  chosen 
rather  than  tungsten  because  of  the  more  predictable  behavior  of  the 
former.  Prior  test  efforts  have  shown  that  its  use  is  primarily  a  func¬ 
tion  of  chemical  corrosion  and  Its  thermal  response.  Provisions  for 
thermal  expansion  can  be  easily  and  reliably  made  in  nozzle  design.  Al¬ 
though  tungsten  offers  superior  corrosion  resistance  with  the  attending 
possibility  of  an  extended  duty  cycle,  its  reliability  is  questionable. 
Because  of  problematical  design  considerations  such  as  throat  obtrusion 
at  extended  firing  durations  due  to  insert  backside  melting  resulting 
from  a  tungsten-carbon  reaction,  and  from  shrinkage,  the  use  of  tungsten 
carries  with  it  a  possibility  of  failure.  It  was  believed  advantageous  to 
accept  the  possible  lower  duty  cycle  limits  of  pyrolytic  graphite  than  to 
chance  the  catastrophical  failure  mode  of  tungsten.  The  ultimate  choice 
of  the  as-deposited  3tntc  of  pyrolytic  graph! ie  over  the  annealed  or 
partially  annealed  states  vas  dictated  by  a  lack  of  sufficient  data  con¬ 
cerning  the  advantages  of  the  latter  two  forms  over  the  former. 

The  pyrolytic  graphite  throat  stack  is  contained  in  an  0.5 -inch  thick 
ATJ  graphite  ring  which  overhangs  the  upstream  pyrolytic  graphite  washer 
0.25  inch  and  h^s  a  5  mil  clearance  between  its  ID  and  the  OD  of  the 
throat.  The  overhang  is  calculated  to  result  in  the  forward  surfaces 
of  the  ATJ  and  pyrolytic  graphites  being  in  the  same  radial  plane  when 
both  are  fully  expanded  during  firing.  The  clearance  between  the  ATJ  and 
pyrolytic  graphite  allows  unrestricted  radial  thermal  expansion  of  the 
pyrolytic  graphite  while  providing  sound  structural  support  for  the  hot 
pyrolytic  graphite  washers.  Axial  thermal  expansion  of  the  pyrolytic 
graphite  is  provided  for  by  a  gap  forward  of  the  entrance  section.  The 
width  of  this  gap  is  designed  to  110  percent  of  the  maximum  pyrolytic 
graphite  and  ATJ  graphite  expansion.  The  gap  is  filled  with  an  RTV  type 
silicone  which  forms  a  char  which  is  eaily  crushed  to  10  percent  of  its 
original  thickness.  Thus,  the  pyrolytic  graphite  is  virtually  unrestrained 
in  thermal  expansion.  This  procedure  has  been  found  by  Aeronutronic  to 
eliminate  delamination  and  "elephant  footing"  of  the  pyrolytic  graphite 
which  would  otherwise  occur.  Based  on  the  previous  tests,  described  in 
Sections 5  and  6,  there  was  nr  requirement  for  springs  cr  other  devices  to 
account  for  axial  thermal  expansion. 
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FIGURE  7-2.  NOZZLE  DESIGN  FOR  DEMONSTRATION  TEST 
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The  heat  sink  limitation  of  the  throat  was  based  on  two  complementary 
considerations.  The  first  of  these  considerations  was  a  limiting  b/a, 
or  washer  to  throat  diameter  ratio,  which  was  imposed  to  prevent  spallation 
of  the  throat  surface.  A  detailed  discussion  of  this  effect  is  contained 
in  Paragraph  3.2  of  this  report.  The  complementary  restriction  to  heat 
sink  size  was  a  requirement  for  a  specific  insulation  thickness  designed 
for  the  200  seconds  of  firing  in  the  proposed  duty  cycle.  This  thickness 
requirement  was  determined  from  the  empirical  predictions  illustrated  in 
Figures  5-10  and  5-11.  The  aforementioned  factors,  coupled  with  nozzle 
holder  size,  effectively  dictated  the  internal  dimensions  of  the  nozzle. 

The  decision  to  utilize  an  ablative  plastic  entrance  was  a  direct  out¬ 
growth  of  the  earlier  test  phases  and,  in  a  sense,  parallels  the  reasoning 
behind  the  decision  to  use  pyrolytic  graphite  rather  than  tungsten  as  a 
throat  material.  The  high  probability  of  catastrophical  failure  of  a 
polycrystalllne  graphite  entrance  which  was  adequately  demonstrated  during 
the  earlier  test  phases  dictated  the  use  of  an  ablative  plastic  entrance 
and  the  acceptance  of  an  inherently  higher  erosion  rate.  It  must  be  re¬ 
emphasized  that  this  decision  was  made  with  an  awareness  that  both  types 
of  entrances  considered  leave  much  to  be  desired  in  terms  of  satisfactory 
performance  (see  Paragraph  6.2). 

The  combination  of  materials  utilized  in  the  nozzle  exit  section  was 
chosen  primarily  as  being  representative  of  materials  and  material  con¬ 
figurations  that  could  easily  be  converted  to  a  flight  weight  nozzle.  No 
tTerific  problem  areas  were  anticipated  for  this  section  of  the  nozzle. 

7.4  TEST  RESULTS 

7 .4 . i  NOZZLE  NO.  1 

A  demonstration  nozzle  was  fabricated  from  the  design  described  above, 
and  tested  under  the  conditions  outlined  in  Paragraph  7.1.  Approximately 
two  seconds  prior  to  completion  of  the  initial  50- second  firing  (see 
Figure  7-1),  a  chamber  burn  through  occurred  due  to  malfunction  of  the 
simulator  slurry  injection  system.  The  nozzle  was  apparently  unharmed, 
but  accomplishment  of  the  20-second  firing  of  Phase  1  was  delayed.  The 
duty  cycle  was  continued  after  repairs  were  effected  on  the  chamber  and 
simulator.  A  second  catastrophical  failure  of  the  simulator  caused  an 
explosion  of  the  motor  chamber  vfcich  destroyed  the  nozzle.  Data  was 
recorded,  and  nozzle  performance  for  the  48-second  firing  was  compiled. 

This  performance  coupled  with  pejt  test  insulator  analysis  is  shown  in 
Figure  7-3.  It  is  of  interest  to  compare  the  nearly  idantical  throat 
erosion  performance  and  insulation  performance  (K  values)  for  the  aborted 
50-second  test  with  the  full  200-second  duty  cycle  run  on  the  nozzle 
described  in  the  following  paragraph. 
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7.4.2  NOZZLE  NO.  2 

A  second  demonstration  nozzle  was  fabricated  from  the  same  design  as  the 
original  and  fired  in  accordance  with  the  duty  cycle  shown  in  Figure  7-4. 
This  actual  duty  cycle  differed  from  the  planned  ore  (Figure  7-1)  in  minor 
detail  only.  Table  7.1  shows  the  nozzle  throat  performance  throughout  the 
various  phases  of  the  duty  cycle.  The  gross  erosion  which  occurred  in  one 
quadrant  of  the  nozzle  took  place  during  the  first  50-second  pulse  and  has 
been  attributed  to  simulator  malfunction  which  allowed  an  oxygen  rich  flow 
over  the  affected  quadrant.  A  comparison  of  chamber  pressure  throughout 
the  various  phases  of  the  duty  cycle  (Figure  7-5)  with  the  erosion  data  of 
Table  7.1  indicates  the  overall  adequate  performance  of  the  nozzle  except 
during  the  simulator  malfunction.  Figure  7-6  is  a  pictorial  representation 
of  cumulative  erosion  rate  versus  time  data  taken  from  Table  7.1.  The 
average  erosion  rate  of  0.427  mil/sec  (Table  7.1)  for  the  total  firing  time 
of  200  seconds  compares  favorably  with  the  0.450  mil/sec  erosion  rate 
experienced  on  the  original  demonstration  nozzle  (Figure  7-3). 

The  performance  of  the  FM-5062  asbestos  phenolic  in  both  the  entrance  and 
throat  sections  was  almost  precisely  as  predicted.  Table  7.2  gives  the 
K  values  based  on  char  thickness  and  total  run  time.  The  close  comparison 
with  the  K  values  obtained  in  the  original  demonstration  test  (Figure  7-3) 
is  significant  since  the  insulation  of  the  original  nozzle  was  subjected 
to  but  one  50-second  firing  whereas  the  insulation  of  this  nozzle  underwent 
19  separate  firings  with  the  various  associated  heat  soak  durations.  This 
substantiates  the  empirical  method  for  the  prediction  of  insulator  char 
growth  derived  in  Reference  5.1,  and  utilized  throughout  the  program  to 
calculate  insulator  requirements.  As  the  use  of  this  equation  implies, 
char  formation  for  an  insulation  material  is  a  function  of  total  actual 
firing  time  and  is  independent  of  the  number  of  restarts  as  we 3.1  as  the 
duration  of  heat  soak.  This  can  be  explained  by  the  apparent  fact  that 
heat  soak  back  time  during  coast  periods  is  totally  offset  by  the  lag  time 
on  restart. 

The  exit  section  of  the  nozzle  performed  as  was  expected.  Erosion  was  uni¬ 
form  and  varied  inversely  as  to  exit  area  ratio  as  shown  in  Figure  7-7. 

No  particular  problems  were  anticipated  or  encountered  with  the  exit  portion 
of  the  demonstration  nozzle. 

Figures  7-8  and  7-9  are  photographs  of  the  nozzle  throat  from  the  entrance 
and  exit  sections,  raspectively ,  and  illustrate  the  throat  condition  after 
Phase  1  of  the  duty  cycle  (75  seconds  of  firing).  Figure  7-10  is  a  photo¬ 
graph  of  the  sectioned  nozzle  after  completion  of  the  200-second  duty 
cycle.  Figure  7-11,  a  picture  of  the  same  segment,  illustrates  the  nozzle 
contour  after  completion  of  testing. 
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FIGURE  7-4.  DEMONSTRATION  DUTY  CYCLE!  AS  ACTUALLY  FIRED 
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FIGURE  7-6.  DEMONSTRATION  NOZZLE  CUMULATIVE  THROAT 
EROSION  RATE  VERSUS  CUMULATIVE  FIRING  TIME 


INSULATOR  EVALUATION-DEMONSTRATION  MOTOR  TEST 


FIGURE  7-7.  EROSION  RATES  OF  EXIT  CONE  SEGMENTS  VERSUS  EXPANSION  RATIO  FOR 
DEMONSTRATION  NOZZLE 
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FIGURE  7-P  DEMONSTRATION  NOZZLE  THROAT  AFTER  75  SECONDS  FIRING  TIME 


FIGURE  7-9  DEMONSTRATION  NOZZLE  THROAT  AND  EXIT  CONE  AFTER  75  SECONDS  FIRING  TIME 


FIGURE  7-10  DEMONSTRATION  NOZZLE  THROAT  CROSS  SECTION 
AFTER  TEST  (200  SECONDS) 
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FIGURE  7-11  DEMONSTRATION  NOZZLE  CONTOUR  AFTEK  T.SST  (200  SECONDS) 
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The  performance  of  the  entrance  section  can  only  be  described  as  inadequate  . 
It  was  found  necessary  to  replace  entrance  sections  after  Phase  1  (75  seconds) 
and  Phase  2  (145  seconds)  since  they  were  deemed  unserviceable  after  each 
phase.  If  the  duty  cycle  were  extended  beyond  the  200  secondr ,  a  third 
entrance  section  would  have  been  required.  The  graphite  cloth  phenolic  was 
replaced  with  equivalent  ATJ  graphite  sections  for  Phases  2  and  3  of  the 
duty  cycle.  Performances  of  all  entrance  sections  were  comparably  poor. 

The  demonstration  test  reaffirmed  the  data  obtained  from  the  rocket  motor 
and  development  tei> '.a  in  terms  of  noxsle  entrance  sections  for  restartable 
solid  rocket  motors  (see  Paragraph  6.2).  It  is  obvious  from  the  test  phases 
of  this  program  that  a  factory  solution  to  this  problem  is  the  pacing 
item  for  the  advancement  of  restartable  solid  propellant  rocket  nozzle 
technology. 
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SECTION  8 


COMPARISON  OF  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Within  this  section,  data  are  presented  from  the  series  of  rocket  ~otor  and 
development  nozzle  tests  to  illustrate  the  relationships  and  the  correla¬ 
tions  between  various  analyses  used  in  this  program  and  the  actual  test 
results.  Much  of  the  material  presented  here  has  been  previously  dis¬ 
cussed  elsewhere  in  this  report;  however,  it  is  believed  that  a  better 
understanding  of  capability  and  compatibility  of  the  various  analyses  can 
be  obtained  if  they  are  presented  in  comparison  with  the  corresponding  test 
results. 

Each  component  of  the  nozzle  -  entrance  seccion,  throat,  exit  section,  and 
insulation  -  is  discussed  separately.  The  materials  used  in  each  com¬ 
ponent  form  the  basis  for  discussion.  A  direct  comparison  of  test  results 
with  analysis  can  be  made  only  for  the  throat  sections  and  for  the  insula¬ 
tion  materials.  Difficulties  have  been  encountered  in  both  the  thermal  and 
structural  analyses  of  the  entrance  sections.  These  difficulties  have 
precluded  any  analytical  prediction  of  the  behavior  of  these  sections. 

Mo  problems  were  anticipated  in  Che  exit  sections  of  the  subsixie  nozzles; 
therefore,  no  analyses  were  performed. 

The  primary  objective  of  the  rocket  motor  tests  was  not  to  provide  a  basts 
for  correlation  of  analytical  work  but  rather  to  investigate  problem  areas 
individually  by  providing  materials  evaluations  and  problem  definitions. 
Only  as  a  secondary  objective  was  th're  to  be  a  correlation  of  analytically 
predicted  phenomenological  occurrences  with  those  observed  in  the  tests. 
These  events  include  the  occurrence  of  certain  structural  responses  3uch 
as  the  development  of  fractures  snd  spallation,  and  occurrence  of  erosion 
and  the  deposition  mad  removal  of  condensed  phases  such  as  alumina. 
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The  development  nozzle  teats  were  designed  to  apply  the  data  and  knowledge 
gained  from  previous  tests  and  analyses  so  that  a  translation  of  tech¬ 
nology  could  be  made  to  the  demonstration  nozzle  tests.  Also,  additional 
problem  areas  were  sought  expecially  in  terms  of  sealing  and  in  applica¬ 
tion  of  duty  cycles  to  designs.  Additional  correlation  of  analysis  with 
test  data  was  sought  in  this  test  phase. 

8.1  ENTRANCE  SECTIONS 

The  major  effort  devoted  to  entrance  sections  was  in  the  structural  area, 
since  so  many  failures  and  problems  were  encountered  in  this  area.  Thermal 
analysis  was  limited  due  to  severe  erosion-corrosion  problems. 

8.1.1  ENTRANCE  SECTION  CORROSION 

Regression  or  corrosion  rates  of  the  graphite  entrance  section  can  be 
calculated  using  the  simplified  equilibrium  corrosion  theory  presented  in 
Paragraph  2.5.3.  Figure  8-1  shows  the  surface  temperature  versus  time  for 
three  locations  in  development  nozzle  number  3  (as  deposited  pyrolytic 
graphite  throat) .  Also  given  are  the  calculated  heat  transfer  coefficients 
at  two  designated  locations  in  the  entrance  section  and  at  the  throat.  With 
these  coefficients  and  the  temperature  history,  the  "theoretical"  surface 
regression  was  calculated  for  the  entrance  section;  that  is,  locations 
(1)  and  (2)  in  Figure  8-1.  After  the  first  pulse  or  phase  of  the  duty 
cycle  impose!  on  this  nozzle,  diameter  measurements  were  made  at  loca¬ 
tions  (1)  and  (2).  Pretest  measurements  were  also  recorded. 

The  calculated  and  measured  values  are  given  below: 

Location  Calculated  Ar  Measured  Ar 

(1)  0.035  inch  (0.029)  0.050  to  0.065  inch 

(2)  *’  0,06’  inch  (0.052)  0.110  to  0.120  inch 

As  can  be  seen,  the  agreement  is  not  too  good,  especially  since  the  total 
corrosion  is  reduced  (numbers  in  parentheses  above)  when  consideration  is 
made  for  the  AI2O3  deposit  on  the  entrance  section  at  least  up  to  surface 
temperatures  of  3700°F.  As  mentioned  previously  in  Paragraph  2.5.3,  the 
theory  of  corrosion  in  rocket  nozzles  is  poorly  understood  at  present  and 
much  additional  effort  is  required  in  this  area.  The  influence  of  particle 
erosion  may  have  contributed  to  the  large  surface  regressions  measured  as 
well  as  the  result  of  pyrolysis  gas  flow.  It  is  not  clear  at  this  time 
which  mechanisms  are  oredominant  in  causing  these  "higher  than  calculated" 
rates.  Observation  of  the  onset  of  surface  loss  and  its  characteristics 
are  not  readily  measurable  for  the  entrance  section  as  they  are  in  the 
throat  region. 
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8.1.2  ENTRANCE  SECTION  -  STRUCTURAL  ANALYSIS 

Generally,  because  of  the  failure  tc  generate  a  working  computer  program 
for  the  structural  analysis  of  conclal  sections,  no  structural  analysis 
could  be  performed  on  the  entrance  sections.  Entrance  sections  performed 
rather  poorly  from  a  structural  viewpoint  and/or  from  a  surface  regression 
viewpoint  in  all  of  the  nozzles  tested  in  this  program.  Althrough  the 
reinforced  plastics  developed  no  structural  problems  when  used  as  entrance 
flamefront  materials,  their  regression  rates  were  quite  high.  Though  the 
basic  regression  rates  of  the  polycrystalline  graphites  were  not  so  high, 
they  developed  severe  crack  patterns  which  accelerated  the  material  loss. 

In  many  cases,  this  resulted  in  loss  of  a  sizable  portion  of  the  entrance 
flamefront  material  either  by  abundant  surface  regression  or  by  pieces 
being  blown  out  through  the  throat. 

Since  no  structural  analysis  tools  existed  for  the  examination  of  these 
components,  physical  rationale  based  on  behavior  characteristics  of  cylin¬ 
drical  sections,  was  employed  to  redesign  these  entrance  sections  for 
the  development  test  nozzles.  It  is  known  that  short  cylinders  experience 
a  lowered  stresses  response  (by  a  factor  of  1-v)  compared  to  long  cylinders. 
Thus,  the  first  step  in  the  redesign  was  to  section  the  entrance  into 
washers  with  concial  flamefront  contours  and  cylindrical  backside  contours. 
These  washers  were  then  split  circumferentially  into  two  rings  to  create 
a  washer  within  a  washer  with  an  intimate  fit  at  the  interface.  This  inter¬ 
face  then  served  as  a  crack-stopper  for  any  tensile  cracks  which  would  be 
initiated  on  the  outer  surface  of  the  outer  washer.  By  having  the  two 
washers  fit  intimately,  the  stress  response  would  be  virtually  identical 
to  that  of  an  unsplit  washer  since  axial  effects  essentially  vanish.  The 
outer  washer  could  then  be  expected  to  develop  fracture  surfaces  initiating 
at  the  outer  radius,  but  these  cracks  would  not  propagate  past  the  circum¬ 
ferential  interface  of  the  two  parts.  The  outer  cracked  part  would  still 
be  in  place  to  provide  backup  restraint  as  long  as  the  ablating  insulator 
provided  backup  to  it. 

There  were  three  nozzles  on  which  these  design  changes  were  incorporated 
and  for  which  any  analytical  predictions  could  be  made.  These  were  the 
first  three  development  nozzles.  The  entrance  section  designs  are  shown 
in  Figure  8-2  along  with  the  heating  parameter.  The  /8  ratios  at  the  up¬ 
stream  and  downstream  faces  of  the  washers  are  shown  in  the  figure.  The 
first  two  entrance  sections  merely  incorporated  a  washer  design  without 
the  crack  stopper  feature.  Due  to  scheduling,  the  second  nozzle  had  to  be 
designed  before  the  first  nozzle  was  fired.  However,  the  third  entrance 
section  was  designed  with  the  benefit  of  the  results  of  the  firing  of  the 
first  nozzle. 

Relating  the  heating  parameter  to  the  allowable  /3  ratios  for  those  washers 
lying  downstream  of  the  entrance  nose  piece  shows  that  the  allowable  jB 
ratios  lie  in  a  very  narrow  range  of  about  1.43.  The  upstream  faces  of 
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Che  washers  in  development  nozzles  1  end  2  have  ratios  of  fi  at  or  below 
this  value,  while  the  fi  ratios  at  the  downstream  faces  exceed  this  value. 

High  values  of  a  and  E  were  used  for  ATJ  so  this  analysis  should  be  con¬ 
servative,  assuming  that  a  washer  is  a  good  approximation  to  the  short  coni¬ 
cal  components. 

In  The  first  two  nozzles,  all  of  the  washers  cracked  during  the  first 
firing.  This  was  not  anticipated  since  a  conservative  approach  was  used 
in  their  design.  The  nature  of  the  fractures  (in  the  radial -axial  plane) 
indicated  that  they  resulted  from  hoop  tensile  stress.  This  indicated 
that  the  analysis,  based  on  the  minimum  £  ratio  for  the  short  conical 
components,  was  not  adequate  and  that  a  more  conservative  design  could 
be  obtained  by  basing  the  analysis  on  the  maximum  fi  ratios  at  the  down¬ 
stream  faces  of  the  washers. 

The  entrance  section  of  the  third  development  nozzle  was  designed  to 
incorporate  circumferential  crack  stoppers  if  the  backside  tensile  fractures 
should  develop  again.  This  technique  was  also  carried  to  the  massive  nose 
piece  of  the  entrance.  In  this  design,  only  one  value  of  /3  exceeds  the 
1.43  limit  and  that  was  for  the  downstream  face  of  the  aftmost  washer  when 
the  outer  ring  is  included.  None  of  these  washers  cracked  during  the 
first  firing.  This  indicated  that,  by  basing  the  analysis  on  the  greatest 
(or  downstream)  value  of  fi,  satisfactory  analysis  could  be  performed. 

Testing  difficulties  prevented  obtaining  meaningful  results  on  subsequent 
firings  of  this  nozzle. 

This  design  technique  has  limitations  for  small  diameter  components.  To 
stay  below  small  ratios  of  fi  at"~the  downstream  face,  thin  (radially) 
washers  become  necessary.  When  the  washer  radial  thickness  is  less  than 
that  needed  to  provide  for  normal  surface  regression,  this  limitation  has 
been  exceeded. 

8.2  THROAT  ACTIONS 

Correlations  of  convective  heat  transfer,  chemical  corrosion,  and  structure 
behavior  are  presented  in  this  section.  Also  presented  are  materials 
phenomena  as  experienced  during  the  test  phases  of  this  program. 

8.2.1  CONVECTIVE  HEAT  TRANSFER 

A  comparison  is  made  between  the  analytically  predicted  convective  heat  trans¬ 
fer  coefficient  at  the  nozzle  throat  with  that  obtained  during  the  development 
motor  tests.  The  analytical  prediction,  presented  in  Paragraph  2.1.3, 
is  modified  herein  to  account  for  the  effects  of  deposition  of  AljO^  on 
the  nozzle  throat. 
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In  this  discussion  of  the  correlation  procedure,  only  the  first  start¬ 
ing  cycle  is  treated;  the  effects  of  ablation  on  the  heat  transfer 
coefficient  may  be  neglected  for  the  nozzle  in  question.  The  effect 
of  deposition  may  be  approximately  accounted  for  by  the  following 
procedure: 

The  one -dimensional  characteristic  mass  flow  velocity  is  defined  as 

Pc  A*  g  (1) 

C*  “  — 7 - - 

* 

where 

P£  *  chamber  pressure 
A*  *  throat  area 

2 

g^  •  conversion  factor  32.2  lbm  ft/lb^  sec  , 
d>  *  propellant  weight  flow 

By  requiring  isentropic  perfect  gas  flow  in  the  inviscid  stream  and  employ¬ 
ing  Bernoulli's  equation,  C*  may  be  also  given  by 


In  their  early  solid  rocket  internal  ballistic  calculations,  von  Karman 
and  Malina  (Reference  8.1)  proved  that  an  appreciable  chamber  pressure 
change  did  not  correspond  to  a  significant  change  in  chamber  temperature; 
therefore,  C*  is  assumed  constant  throughout  the  firing  period  of  uniform 
propellant  mass  flux.  The  deposition  thickness  at  the  nozzle  throat  is 
only  a  function  of  the  instantaneous  chamber  pressure  and  may  be  written 


where  the  zero  subscript  refers  to  the  initial  condition  at  the  start  of 
the  run.  Figure  8-3  shows  the  throat  deposition  thickness  as  a  function 
of  time  for  the  nozzle  in  question;  the  plot  is  calculated  from  a  measured 
chamber  pressure  versus  time  distribution. 
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FIGURE  8-3-  Al.O*  DEPOSITION  ON  NOZZLE  THROAT  VERSUS  TIME 


A  reasonably  accurate  expression  for  the  total  haat  absorbed  by  a  throat 

was ha r  ta 


«r  f  1  ,  t»qull  /o  \  (4) 

~r  *  JfaiL  J  +  /t  ,o  ot 


Ail  the  Material  density,  V  Is  the  voluna,  C  is  the  specific  heat  (Btu/lbm^R), 
pyroiytte  graph its  refers  to  the  pyrolytic  graphite  washer,  ATJ  is.  the  back¬ 
up  Hast,  T»qun  is  the  radial  lsothernal  tenperature,  A  is  the  hot  side  sur- 
fai  ’MS  el  the  washer  (assuaad  Independent  of  tiae),  and  q  ablation  is  the 
ha.  .  ablation  (Itu/sec) .  For  pyrolytic  graphite  backed  with  an  ATJ  heat 
fttek,  it  baa  bean  found  that  the  radial  isothermal  condition  (TeqUil)  is 
raaehad  approninetsly  30  seconds  after  shutdown.  As  indicated  above,  the 
ablation  is  negligible  during  the  firing  portion  of  the  first  run  cycle. 

Fran  t  •  tg  to  t  ■  tfqull  there  is  sosm  ablation;  however,  as  was  determined 
fron  Study  of  the  thermocouple  traces,  its  effect  on  Qj/A  is  considered 
siMll.  Correctly  speaking,  there  ahould  be  an  axial  heat  conduction  term 
in  Equation  4,  but  its  magnitude  is  usually  aawll  compared  to  the  terms 
Included. 

In  order  to  initiate  the  solution  it  is  necessary  to  create  a  locus  of 
Qx/A  versus  h#f*  values  by  repeated  runs  of  the  conduction-ablation  program, 
ualng  proper  solid  material  »uermal  properties  and  the  CYI-75  adiabatic 
wall  tenperature  at  the  throat  (6600°R).  The  conduction-ablation  program 
solves  for  the  wall  surface  temperature,  Tw,  as  a  function  of  time  for  an 
assumed  the  Qj/A  then  being  calculated  by  employment  of  (tg  is  the 

36. 5  second  firing  time) 

(L  -  fcf 

— T —  -  I  heff  (Taw  -  Tw)  dt 

J  0  (5) 


The  resulting  curve  is  shown  on  Figure  8-4.  Equation  4  is  then 
employed  to  give  Q^/A  from  the  experimental  thermocouple  Tequil  value. 
Using  accepted  thermal  property  data  and  a  throat  washer  area  of  2.27  in.2. 
Equation  4  gives  a  measured  Qj/A  value  of  342  Btu/in.2,  which  cor¬ 
responds  to  an  h«ff  of  0.0056  Btu/in. 2euc°R  (Figure  8-4). 
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This  "Matured"  value  of  heff  le  now  compared  Co  Che  theoreclcal  value 
obcained  from  a  susmation  of  che  washer  and  deposic  layer  thermal  resis- 
Civlties  written  in  the  form 

h,£f  ■[^{|  k)dt  ‘/W1*)] 


As  is  seen,  the  quantity  he£f  differs  from  the  gas  side  coefficient  h_ 
(determined  from  the  boundary  layer  solution)  due  to  the  presence  of  8 
the  deposited  AI2O3  layer.  Of  course,  there  is  a  degree  of  measurement 
involved  in  Equation  6  since  the  deposition  thickness  6  was  obtained 
from  an  expertaental  pressure  versus  time  distribution.  Esployment  of  the 
boundary  layer  theory  threat  hg  value  (8.18U0-3)  Btu/iu.*aec°R> ,  which 
is  assumed  constant  for  the  run  period  (an  approximation),  together  with 
a  tj  of  36.5  seconds  and  a  X  of  6.02(10"^)  Btu/sec  in.°R  gives  a  theo¬ 
retical  hej£  of  0.0057&  Btu/in.^sec°R,  a  value  that  is  exceedingly  close 
to  the  "measured"  h^f.  The  several  assumptions  made  in  this  calculation, 
i.e.,  the  supposedly  correct  value  of  K  taken  from  solid  rather  than  liquid 
AUG-,  measurements,  and  the  constancy  of  h.  ai  a  function  of  tiM,  must  be 
valid,  or  at  least  the  errors  Induced  by  them  should  cancel  each  other  out. 
It  is  thus  seen  that  a  throat  hg  calculated  from  the  real  gas  boundary 
layer  program  does  accurately  correlate,  whec  adjusted  for  deposition,  with 
the  experimental  data,  and,  as  will  now  be  shown,  is  decidedly  superior 
to  the  Reference  2.1  perfect  gas  value  or  one  obtained  from  che  Barts 
(Reference  8.2)  pipe  flow  type  correlation.  The  Barts  formula  for  the  heat 
transfer  coefficient  is  simply 


The  quantities  are  standard  or  have  been  defined  elsewhere  iu  this  report. 
Although  the  original  Barts  correlation  employed  the  chamber  Cp  value,  it 
has  been  determined  that  better  results  are  obtained  when  a  local  "average" 
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specific  heat  based  on  the  local  staroation  enthalpy  and  temperature  dif¬ 
ferences  across  the  boundary  layer  employed,  i.e., 


C 


P 


H 


w_t£ 


w.z 


(O 


Figures  8-5  and  8-6  illustrate  the  uncorrected-for -deposition  gas  side 
coefficients  for  the  three  heat  transfer  theories,  together  with  their 
respective  throat  he£f  values  as  corrected  for  deposition  by  employment 
of  Equation  6.  Also  shown  in  the  throat  "experimental"  value  of  hcff 
(Equation  4  and  Figure  8-4).  The  superiority  of  the  real  gas  cal¬ 
culation,  at  least  in  the  throat  region,  is  clearly  evident. 

♦ 

8.2.2  THROAT  SECTION  CORROSION 

Duty  cycle  and  firing  time  restrictions  were  imposed  on  pyrolytic  graphite 
a.id  tungsten  throat  inserts  based  on  allowable  maximum  surface  temperatures. 
These  maximum  surface  temperatures  were  chosen  as  a  result  of  the  theoretical 
equilibrium  corrosion  rate  calculations  modified  by  data  acquired  thr<  gh 
various  programs  utilizing  propellants  with  similar  exhaust  properties. 

Thus,  the  theoretical  maximum  temperature  has  been  somewhat  altered  by 
experience  since,  as  mentioned  in  Paragraph  2.5.3.  corrosion  theory  is 
not  yet  adequate  and  reliable. 

Several  observations  can  be  made  from  the  firings  conducted  under  this 
program.  The  limit  imposed  on  pyrolytic  graphite  was  5000°F.  It  has  been 
found  in  the  thermal  analysis  that  this  surface  temperature  will  be  achieved 
at  the  same  time  whether  the  nozzle  is  subjected  to  a  continuous  firing  or 
to  a  duty  cycle  of  several  pulses.  Thus,  ten  5-second  pulses  have  the  same 
effect  in  producing  this  surface  temperature  as  a  single  50-second  firing. 

In  examining  the  rocket  motor  test  results,  the  occurrence  of  a  given 
degree  of  erosion  can  be  determined  more  accurately  than  the  initiation  of 
erosion.  The  time  at  which  a  five  percent  area  change  has  occurred  was 
chosen  as  the  experimental  data  which  would  be  correlated.  This  comparison 
between  experimental  and  analytical  data  is  shown  in  Figure  8-7.  The 
analytical  predictions  are  baaed  on  the  time  to  reach  a  5000°F  throat 
temperature,  at  which  temperature  surface  regression  is  assumed  to  occur; 
whereas,  the  experimental  results  are  for  time  sufficient  to  achieve  a 
•  percent  throat  area  change.  The  discrepancy  in  the  firing  times  for 
5  seconds  or  less  between  cycles  is  attributed  to  the  start  transient 
alumina  deposition  and  the  time  from  the  initiation  of  surface  regression 
tc  a  5  percent  area  change.  The  consideration  of  alumina  deposition 
increeaea  the  firing  time  for  a  single  pulse  to  achieve  throat  regression 
from  46.3  seconds  to  49.5  seconds.  The  experimental  time  for  a  5  percent 
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FIGURE  8-7.'  ANALYTICAL  AND  EXPERIMENTAL  COMPARISONS  OF  DUTY 
CYCLE  LIMITATIONS  ON  ROCKET  MOTOR  TESTS 
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area  change  is  50  seconds;  this  indicates  that  the  assumption  of  the  ini¬ 
tiation  of  surface  regression  at  5000°F  may  be  slightly  off.  However,  by 
eliminating  alumina  deposition  the  thermal  analyses  used  in  this  program 
may  be  used  to  very  accurately  predict  the  duty  cycle  limitations  of 
pyrolytic  graphite  throat  inserts  similar  to  the  rocket  motor  tests.  The 
only  restriction  that  should  be  imposed  on  the  thermal  analysis  is  the 
fact  that  after  the  first  firing  the  throat  insert  will  experience  a  change 
from  its  original  geometry.  The  influence  of  geometry  change  on  duty  cycle 
is  indicated  in  Figure  8-7  and  imposes  a  definite  limitation  to  the 
analysis. 


An  examination  of  the  development  motor  tests  shows  approximately  the  same 
results.  As  shown  in  Figure  8-1  for  test  No.  3  the  surface  temperature 
at  the  throat  was  calculated  to  reach  4750°F  at  the  end  of  the  36.5  second 
firing.  The  post-test  measurement  showed  no  throat  surface  regression. 

The  5000°F  limit  imposed  does  not  appear  to  be  excessively  optimistic. 


The  interpretation  of  the  data  obtained  for  the  tungsten  inserts  is  more 
difficult,  since  the  effects  of  plastic  deformation  have  clouded  some¬ 
what  the  post-test  measurements.  The  maximum  surface  temperature  imposed 
on  tungsten  for  this  environment  was  5500°F.  The  same  reasons  were  used 
as  with  pyrolytic  graphite,  however,  less  data  were  available  upon  which 
confidence  could  readily  be  placed.  Data  acquired  from  the  rocket  motor 
tests  may  be  clouded  somewhat  by  the  fact  that  backside  gas  leakage  had 
occurred.  However,  neglecting  this,  the  following  can  be  shown: 


Nozzle 

0.625  inch  dia 
800  mils  thick 

0.625  inch  dia 
180  mils  thick 

1.25  inch  dia 
0.400  mil  thick 

1.25  inch  dia 
0.400  mil  thick 


Firing  Time 
61 

50 

35 

45 


Measured  Erosion 


Predicted  Surface 
Temperature  (°F) 

5530 


5520 


~  5200 


~5400 


On  all  of  these  inserts,  final  diameters  were  less  than  the  original 
diameter  (see  Sections  5  and  6).  However,  it  was  noted  on  several  of 
these  inserts  that  fine  axial  grooves  occurred  in  the  surface.  Also, 
tungsten  carbide  was  found  on  the  surface  indicating  a  carbon  reaction 
from  either  the  pyrolysis  products  (Paragraph  2.5.4)  or  from  carbon 
carried  by  the  degradation  of  the  entrance  section.  However,  it  does 
appear  that  the  5500°F  surface  temperature  limit  is  conservative,  but  it 
is  not  known  by  how  much,  since  some  localized  grooving  (corrosion)  did 
occur. 
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8.2.3  THROAT  SECTIONS  -  STRUCTURAL  ANALYSIS 

The  structural  responses  observed  in  the  tests  consisted  of  the  occurrence 
or  nonoccurrence  of  specific  phenomena:  either  the  insert  spelled  or  it 
did  not;  it  fractured  or  it  did  .lot;  anelastic  deformation  occurred  or 
it  did  not.  The  comparison  of  analytical  predictions  of  these  occurrences 
with  the  observed  test  results  forms  the  basis  of  the  correlation  between 
the  two. 


a*  Pyrolytic  Graphite.  Pyrolytic  graphite  was  used  in  the  test 
phases  as  shown,  in  Table  8.1. 


TABLE  8.1 

PYROLYTIC  GRAPHITE  TEST  UTILIZATION 


Test 

D*  (in.) 

b  (in.) 

2 

U8  ("HQ 

Ug/b  (approx) 

RM  3,  10,  11,  14 

0.625 

1.5 

4.8 

1-2 

0.0007-0.0013 

Dev  3 

1.25 

2.5 

4.0 

3-5 

0.0012-0.002 

Demo  1,  2 

2.5 

3.0 

2.4 

5 

0.0017 

As  discussed  in  Paragraph  3.2.1,  the  structural  analysis  would  predict 
that  these  designs  were  ultrasafe  from  fractures  resulting  from  backside 
tensile  stresses.  No  such  fractures  were  observed.  Thus  is  can  be  con¬ 
cluded  that  these  analytical  predictions  were  verified  by  test.  However, 
it  cannot  be  concluded  that  the  analysis  is  precise  since  it  was  impractical 
to  attempt  to  design  the  washers  near  their  failure  points.  Nonetheless, 
it  still  appears  that  backside  tensile  fracture  is  an  almost  impossible 
failure  mode  to  induce  in  pyrolytic  graphite. 

The  occurrence  of  spallation  on  the  inner  surface  of  pyrolytic  graphite 
washers  could  be  predicted  depending  upon  the  backside  restraint  provided 
and  the  a-b  compressive  strength  of  the  material.  In  the  rocket  motor 
tests,  the  geometric  ratio,  was  quite  high  at  4.8.  This  is  actually 
outside  the  range  of  values  used  in  the  analytically  derived  design  charts. 
However,  assuming  that  some  extrapolation  is  valid,  the  following  remarks 
can  be  made.  The  washers  would  have  been  saie,  theoretically,  if  the 
Inserts  had  Been  free  to  expand  radially  during  the  run.  At  the  peak  stress 
condition,  the  washers  require  about  5  mils  on  the  radius  for  this  expan¬ 
sion,  whereas  only  i  or  2  mils  was  provided.  Some  slight  extrapolation  of 
curve  2  of  Figure  3-13,  the  applicable  design  chart,  shows  the  rocket 
motor  test  nosales  to  be  marginal  for  spallation.  Some  gross  surface 
roughening,  much  too  coarse  to  be  classed  as  purely  chemical  corrosion, 
was  observed  in  the  pyrolytic  graphite  in  tests  3,  10,  and  11,  but  not 
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in  Cast  14.  This  roughening  has  been  called  spallation.  In  these  tests 
the  picture  is  somewhat  clouded  because  of  the  unsatisfactory  behavior  of 
the  entrance  sections.  On  some  of  the  test  nozzles,  the  excessive  surface 
regression,  as  well  as  the  loss  of  pieces,  of  the  entrance  sections  re¬ 
sulted  in  unfavorable  effects  on  the  throat  material. 

The  development  nozzle  design  falls  within  the  range  of  the  design  charts. 
Referring  to  Figure  3-13,  the  two  curves  with  Ug/b  -  0.002,  and  the  curve 
for  ug/b  *  0.001,  can  be  used  for  this  comparison.  The  curve  for  the  lower 
strength  of  -10,500  psi  and  Ug/b  ■  0.002  shows  the  design  to  be  definitely 
unsafe,  as  does  the  curve  for  Ug/b  of  0.001  and  a  strength  of  -13,000  psi. 

The  curve  for  -13*000  psi  strength  and  Ug/b  ■  0.002  shows  the  design  to  be 
marginal.  No  spallation  was  observed  in  this  nozzle  after  test. 

The  two  demonstration  nozzles  were  designed  on  the  basis  of  the  favorable 
results  of  the  development  nozzle.  Referring  again  to  Figure  3-13  the 
design  point  for  these  nozzles  falls  about  midway  between  the  two  curves 
for  ug/b  »  0.002.  Thus,  the  analysis  would  predict  spallation  for  a 
strength  of  -10,500  psi  and  no  spallation  for  a  strength  of  -13,000  psi. 

No  spallation  was  observed  in  this  nozzle  after  test. 

Spallation  in  pyrolytic  graphic  is  sensitive  to  the  a-b  compressive  strength 
of  the  material  and  to  the  degree  of  restraint  to  radial  expansion  pro¬ 
vided.  It  would  appear  from  the  test  results  that  the  greater  strength  of 
-13,000  psi  is  probably  more  applicable  than  the  lesser  value  of  -10,500  psi. 
Although  a  phenomenon,  which  has  been  referred  to  here  as  spallation,  was 
observed  in  the  rocket  motor  tests,  the  actual  occurrence  of  such  a  struc¬ 
turally  related  event  should  be  demonstrated  in  the  laboratory  so  that 
chemical  effects  are  absent.  Although  Gobble  and  Salmen3,17  have  shown 
that  basal-plane  compression  causes  fracture  at  45  degrees  to  the  applied 
stress  in  a  compression  specimen,  it  should  be  demonstrated  that  such 
fractures  are  translatable  to  spallation  in  an  elastic  body  of  revolution 
with  some  c-direction  restraint. 

The  backside  restraint  imposed  on  the  washers,  even  with  a  carefully  con¬ 
trolled  backside  clearance,  is  questionable.  Deposits  from  the  combustion 
products  and  from  the  pyrolysis  products  which  find  their  way  behind  the 
washers  reduce  this  clearance  and  increase  the  restraint  to  some  degree. 

The  phenomenon  defined  as  elephant  footing  in  Paragraph  3.1  has  been 
examined  analytically.  Although  the  analysis  was  not  completed  until  after 
the  rocket  motor  tests  were  completed  and  the  development  nozzles  were 
designed,  analysis  was  conducted  to  see  if  this  occurrence  could  be  pre¬ 
dicted  for  the  rocket  motor  nozzles.  The  event  was  not  observed  in  any  of 
the  rocket  motor  nozzles.  Figure  8-8  shows  the  predicted  axial  stress  at 
the  inner  surface  of  the  washers  along  with  the  predicted  temperature  as  a 
function  of  time.  Ttoo  curves  are  shown  in  the  figure  representing  two 
values  of  axial  load.  The  greater  load  is  computed  by  assuming  that  the 
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chamber  pressure  of  700  psi  acts  ever  the  frontal  area  of  the  washer.  The 
lesser  load  assumes  that  a  pressure  differential  of  400  pai  acts  aeroaa  the 
opposing  faces  of  the  washer. .  This  represents  the  greatest  axial  pressure 
difference  across  a  distance  equal  to  the  thickness  of  a  single  washer. 

As  can  be  seen  from  this  figure,  at  the  time  the  inner  surface  reaches  the 
threshold  temperature  for  c -direction  permanent  deformation,  the  stresses 
are  above  14,000  psi  compression.  Referring  to  Figure  4-24 and  the  curve 
labeled  2310°C,  13  ksi,  a  permanent  deformation  of  about  1/2  percent  could 
be  expected  if  this  load  were  held  for  10  seconds.  Referring  again  to 
Figure  8-8,  when  the  inner  surface  temperature  has  reached  2400  to  2S00°C, 
the  stresses  are  still  in  the  range  of  -13,000  psi.  In  this  case,  the 
laboratory  data,  shown  in  Figure  4-24,  indicate  that  if  these  conditions 
prevailed  for. 10  seconds,  a  permanent  deformation  of  1  to  1-1/4  percent 
could  be  anticipated.  When  the  inner  surface  has  reached  2760°C,  the  axial 
stresses  exceed  -8000  psi,  and  the  laboratory  data,  Figure  4-26,  indicate 
over  1.6  percent  deformation  could  be  expected  in  another  30  seconds. 

A  plot  of  the  radial  distribution  of  axial  stress  is  shown  in  Figure  8-9. 

The  peak  stress  at  the  inner  surface  is  not  greatly  sensitive  to  total  load 
carried.  The  annulus  over  which  the  load  is  carried  is  reduced  as  the  load 
is  decreased.  With  the  annulus  decreasing,  the  triangular  area  under  the 
curve  (which  approximates  the  load,  Pz  -  27Tt/‘o’zrdr)  drops  rather  abruptly 
with  only  a  slight  decrease  in  stress.  The  significant  point  about  the 
stress  distribtuion  is  that  the  high  stresses  exist  only  over  a  very  small 
radial  distance.  Stresses  in  excess  of  -10,000  psi  only  exist  to  a  depth 
of  0.043  inch  for  the  lower  load  curve.  It  would  require  only  a  small 
deformation  in  this  area  to  redistribute  the  load  and  relieve  these  high 
stresses.  The  relationship  between  degree  of  deformation  and  the  stress 
relief  afforded  has  not  been  developed. 

The  predicted  radial  distribution  of  axial  stress  for  the  demonstration 
noasles  when  the  predicted  inner  surface  temperature  has  reached  2430°C  is 
shown  in  Figure  8-10.  The  high  load  curve  assumes  the  axial  load  to  be  the 
product  of  chamber  pressure  and  washer  frontal  area,  and  the  low  load  curve 
assumes  a  pressure  differential  of  210  psi  acting  across  the  washer.  The 
same  comparisons  can  be  made  with  the  laboratory  data  as  was  done  above  by 
referring  to  the  2420°C  curve  of  Figure  4-24.  For  the  low  load  curve  of 
Figure  8-10,  only  about  a  30-mil  annulus  is  at  a  stress  above  -10,000  psi. 
Localised  redistribution  could  relieve  these  high  stresses  to  a  value  where 
no  discernible  permanent  deformation  would  occur.  This  should  be  investi¬ 
gated  but  has  not  been  on  this  program.  From  the  computed  structural  data 
and  the  irboratory  data,  a  prediction  of  some  degree  (approximately  1  percent) 
of  permanent  c-direction  deformation  to  a  depth  of  not  over  1/16-inch  would 
be  made.  This  deformation  could  not  be  detected  on  the  demonstration  noxsles 
after  test. 

b.  Annealed  Pyrolytic  Graphite.  This  material  was  used  in  the  nossle 
throats  in  rocket  motor  tests  6  and  9,  and  in  development  test  1. 
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The  tensile  stress  behavior  on  the  outer  surface  of  this  material  should 
be  much  better  then  that  of  aa-deposlted  pyrolytic  graphite.  The  reasons 
for  this  lie  in  the  material  properties:  compered  to  ss -deposited  pyrolytic 
graphite,  the  annealed  material  has  a  higher  a-b  conductivity,  a  lower  a-b 
thermal  expansion,  and  a  high  a>b  tensile  strength.  Thus  not  only  will 
the  thermal  loading  be  lower  but  the  structural  response  will  also  be  lower 
while  the  strength  is  higher.  Since  analysis  has  shown  that  it  is  virtually 
impossible  to  fail  as-deposited  washer  inserts  in  tension,  the  same  would 
be  even  truer  for  the  annealed  material.  Thus  no  tensile  failures  would 
be  predicted  for  the  inserts  of  these  test  nossles;  and  none  occurred. 

Before  the  rocket  motor  tests  were  conducted  with  this  material,  the  com¬ 
pressive  behavior  at  the  inner  surface  could  not  be  predicted.  It  is  known 
that  at  room  temperature  the  annealed  material  has  about  half  the  a-b 
compressive  strength  of  the  as-deposited  material.  But  the  higher  tempera¬ 
ture  strength  and  the  mode  of  compressive  failure  were  not  known.  It  could 
reasonably  be  expected  that  both  the  strength  and  the  node  could  be  dependent 
upon  the  c-directlm  b~~i4ing  of  the  material.  This  bonding  is  Van  der  Was  1 
(electrostatic)  and  is  _.eatly  reduced  by  annealing.  Thus  it  might  reason¬ 
ably  be  expected  that  the  annealed  material  might  be  more  sensitive  to 
compressive  leading  than  the  as-deposited  material,  even  though  no  precise 
predictions  based  on  calculated  magnitudes  could  be  made . 

In  both  rocket  motor  tests  6  and  9,  the  annealed  material  wrinkled,  producing 
kinks  in  the  a-b  plane  as  a  result  of  the  inner  surface  hoop  compressive 
stress.  The  washers  in  these  nozzles  had  a  backside  radial  clearance  of  1 
to  2  mils  (ug/bm 0.001)  comparable  to  the  clearance  provided  for  the  as- 
deposited  pyrolytic  graphite  washers  used  in  this  teat  phase .  2he  wrln)  '.es 
appeared  on  both  teste  and  extended  in  a  continuous  fashion  throughout  ne 
length  of  the  washer  stack  as  if  a  wrinkle  occurring  in  one  washer  had  been 
embosaed  on  the  adjacent  washers.  Where  these  wrinkles  appeared  on  the  inner 
edge  of  the  annealed  material,  a  site  for  selective  corrosive  attack  was 
created,  as  a  consequence,  corrosion  grooves  were  produced  along  the  length 
of  the  insert.  The  results  of  this  phenomenon  are  graphically  shown  in 
Figures  8-11  end  8-12 .  It  appears  that  wrinkling  of  the  soft  annealed  mate¬ 
rial  rather  then  spallation  occurs  from  the  inner  surface  compressive  hoop 
stress.  This  is  a  new  problem  definition  resulting  from  the  rocket  motor 
testa. 

In  developmant  nozzle  1,  the  clearance  behind  the  annealed  pyrolytic  graphite 
washers  was  increased  to  about  4  mils  (ttg/b*  0.0016).  The  wrinkles  developed 
again  as  a  result  of  the  motor  firing  but  to  a  latsar  degree  than  observed  in 
the  rocket  motor  tests.  Hot  ell  wrinkles  extended  to  the  outer  radius  of  the 
washer  stack. 

c.  Hast  Treated  Fvrolvtlc  Graphite.  This  material  was  used  in  the 
no sale  throat t  in  rocket  motor  teat  4  and  in  developmant  tast  5*  The 
structural  behavior  of  beet  treated  pyrolytic  graphite  should  be  superior 
to  that  of  the  as-deposited  met* rial  for  the  same  reasons  citad  above  for 
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the  annealed  material,  although  the  properties  of  the  heat  treated  material 
are  not  changed  to  the  same  degree  as  the  annealed  material.  Analysis 
*•'*  indicated  that  no  tensile  failures  could  be  expected  for  as-deposited 

washer  inserts;  therefore,  no  tensile  failures  would  be  predicted  for  the 
heat  treated  material.  None  were  observed. 

Whereas  spallation  was  shown  to  be  marginal  for  the  pyrolytic  graphite 
rocket  motor  nozzles,  heat  treated  material  should  show  a  small  margin, 
assuming  a  higher  compressive  strength  for  this  material.  No  spallation 
was  observed  in  the  rocket  motor  nozzle  4. 

Certain  testing  difficulties  obfuscated  the  observance  of  any  structural 
phenomena  on  the  inner  surface  of  development  nozzle  5.  Neither  spallation 
or  permanent  c-direction  deformation  could  be  detected  because  of  these 
di fficulties. 

d.  Tungsten.  Two  structural  phenomena  could  be  analytically  predicted: 
backside  tensile  fractures  anu  inner  surface  yielding.  It  may  be  recalled 
that  the  effects  of  grain  growths  on  tha  strength  and  modulus  of  arc  cast 
material  were  studied  in.  the  laboratory,  however,  it  was  found  that  the 
grain  size  of  the  tungsten  inserts  exceeded  the  range  studied  in  the  labora¬ 
tory  rather  early  in  the  duty  cycle.  Thus  the  occurrence  of  backside  tensile 
fracture  could  be  predicted  for  the  initial  firing,  but  the  question  of  the 
effects  of  large  graiu  size  reappear#  for; predictions  made  for  o-'bsequent 
firings.  It  is  impossible  to  estimate  accurately  the  grain  size  for  second 
and  subsequent  firings.  It  appears  quite  safe  though  to  assume  that  the 
grain  size  exceeds  some  nominal  minimum.  A  minimum  of  0.0015  inch  is 
convenient  since  analyses  have  been  performed  with  the  corresponding  „ 

strength  of  36,000  psi. 

All  of  the  tungsten  inserts  fired  in  the  test  phases  were,  according  to 
the  definition  of  Paragraph  3.2.1,  long  cylinders.  The  short  cylinder 
lengths  for  the  test  inserts  are  shown  in  Figure  8-13 .  The  test  insert 
design  data  are  shown  in  Table  8.2. 

Comparing  the  design  data  ir.  Table  8.2  with  the  limiting  lengths  in 
Figure  8-13  shows  that  the  inserts  were  all  long  cylinders.  Since  the 
inserts  of  the  rocket  motor  'ests  were  not  well  restrained,  the  axial  and 
hoop  stresses  should  be  approximately  equal  and  fracture  from  either  should 
be  equally  likely. 

Using  the  long  cylinder  data  of  Figure  3-14,  for  unrestrained  inserts,  none 
of  the  inserts  should  have  suffered  a  tensile  fracture  on  the  first  firing 
with  the  exception  of  the  insert  of  rocket  motor  test  13.  Thus  for  the 
first  firing  predictions,  there  is  perfect  correlation  between  analyical  pre¬ 
dictions  and  observed  test  results.  However,  the  predictions  for  subsequent 
firings,  assuming  an  average  grain  size  of  0,0015  inch  and  the  accompanying 
strength  of  36,000  psi,  indicated  that  all  of  the  ar<-  cast  inserts  would 
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have  fractured.  (No  predictions  could  be  made  for  the  gas  pressure  bonded 
material.)  Referring  to  the  appropriate  curve  of  Figure  3-21  ,  the  rocket 
motor  Inserts  would  not  survive  for  j3's  greater  than  1.36  and  the  develop¬ 
ment  inserts  would  not  survive  for  /}'s  greater  than  1.2.  The  inserts  which 
had  /3' s  in  excess  of  these  values  by  not  more  than  37  percent  did  survive  all 
subsequent  firings  without  fracture.  The  insert  of  rpcket  motor  test  8 
was  the  only  one  which  fractured  on  subsequent  firing.  It  fractured  on  the 
second  firing.  It's  £  ratio,  as  shown  in  Table  8.2,  was  3.56.  This  is 
considerably  above  the  predicted  safe  design  value  and  considerably  above 
the  values  for  the  inserts  which  did  survive  all  firings. 

There  seem  to  be  two  possible  causes  for  this  discrepancy.  One  is  that 
the  analysis  is  faulty  and  the  other  is  that  the  strength  and  grain  size 
assumption  for  subsequent  firings  is  inaccurate.  For  the  insert  of  rocket 
motor  test  nozzle  7,  $=  1.58,  a  minimum  strength  of  54,500  psi  is  required 
for  the  insert  to  survive  all  firings.  For  the  insert  of  development 
nozzles  2  and  4,  0=  1.64,  a  minimum  strength  of  89,500  psi  is  required 
for  survival.  Looking  at  the  grain  growth  data  obtained  from  the  sectioned 
inserts  after  firing,  Paragraph  8.2.4,  it  would  appear  that  some  grain 
growth  would  have  occurred  during  the  first  firing  of  the  three  inserts 
under  discussion.  And  some  degradation  of  strength  below  the  as-received 
value  would  have  accompanied  this  growth  so  that  the  necessary  strengths 
quoted  above  probably  would  not  have  been  maintained. 

If  the  inserts  had  been  short  cylinders,  the  rocket  motor  7  insert  would 
have  been  marginal  to  survive  a  strength  loss  to  36,000  psi  according  to 
curve  2  of  Figure  3-21,  but  the  development  inserts  2  and  4  could  not  have 
survived  a  similar  strength  loss. 

It  appears  then  that  there  is  insufficient  correlation  between  analytical 
predictions  and  test  results  for  tensile  fracture  on  second  or  subsequent 
firings  for  these  tungsten  inserts. 

According  to  Figure  3-17  ,  all  of  the  tungsten  inserts  would  have  undergone 
Inner  surface  yielding  by  a  wide  margin  on  all  firings.  This  yielding  was 
observed. 

The  reduction  in  throat  diameter  experienced  for  each  cycle  for  all  of  the 
tungsten  inserts  is  shown  in  Table  8.3.  It  is  interesting  to  note  that 
the  throat  shrinkage  is  relatively  significant  as  long  as  the  circumferential 
integrity  of  the  insert  is  maintained.  All  four  of  the  thinnest  inserts 
continued  to  shrink  during  all  cycles  and  the  thicker  inserts  experienced 
significant  shrinkage  until  they  fractured.  These  fractures  were  in  the 
r-z  (radial-axial)  planes  and  extended  throughout  the  thickness  and  length 
of  the  insert.  These  fractures,  then,  could  be  expected  to  relieve  the 
rotational  restraint  on  the  insert  and,  as  a  consequence,  reduce  the 
magnitude  of  the  compressive  hoop  stress  in  the  inner  region  of  the  insert, 
thus  reducing  the  degree  of  anelastic  deformation  observed.  The  test  results 
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show  that  the  anelastic  deformation  was  virtually  stopped  when  fractures 
appeared  in  the  thicker  inserts,  thus  tending  to  support  the  above  rationale. 

It  may  also  be  noted  in  Table  8.3  that  the  thinner  Inserts  deformed  more 
and  in  a  shorter  time  than  did  the  thicker  inserts.  Por  the  thinner  inserts 
there  is  less  cross  section  in  tension  and  thus  less  mass  of  the  insert  to 
resist  compressive  deformation.  And  for  the  thicker  inserts  there  is  more 
material  which  must  be  forced  to  move  for  the  inner  boundary  to  shrink. 

The  test  results  consistently  support  this  as  being  the  case. 

8.2.4  MATERIALS  PHENOMENA  -  TUNGSTEN  INSERTS 

There  were  a  total  of  six  tungsten  inserts  fired  during  the  program.  These 
inserts  and  their  duty  cycles  are  summarized  in  Table  9.4. 

The  arc  cast  and  extruded  tungsten  inserts  were  made  from  a  single  bar  of 
material  obtained  from  Climax  Molybdenum  Company.  The  chemistry  provided 
by  the  supplier  was: 

C  Fe  Ni  Si 

0.001  <0.002  <0.001  <0.002  Weight  Percent 

with  the  balance  W  by  difference.  With  a  starting  ingot  7-1/4  inches  in 
diameter,  the  processing  was: 

(a)  Extruded  at  3100°F  to  2-3/4  inches  diameter. 

(b)  Recrystallized  at  3000°P  for  1  hour. 

(c)  Machined  to  2-3/8  inches  diameter. 

The  gas  pressure  bonded  tungsten  used  in  the  rocket  motor  tests  was  con¬ 
solidated  by  Allied  Chemical  Corporation  as  a  pilot  plant  production  item. 

No  chemical  or  processing  data  are  available  for  this  material.  Its  use 
was  not  carried  into  the  development  tests. 

There  are  several  materials  and  related  items  associated  with  these  inserts. 
Grain  growth,  carbide  formation  and  flow,  and  composition  of  deposits  are 
the  particular  items  which  will  be  included  in  this  discussion. 

Although  a  precise  thermal  history  of  the  material  is  quite  desirable  when 
examining  these  phenomena,  no  such  history  is  available.  For  this  reason, 
analytical  predictions  will  often  be  used  as  an  indication  of  the  approximate 
temperature  levels  reached. 

a.  Rocket  Motor  Test  7  Insert.  This  insert  was  obtruded  after  three 
starts  and  a  total  firing  time  of  about  87  seconds.  A  photograph  of  the 
sectioned  insert  is  shown  in  Figure  8-14.  The  blotchy  material  on  the 
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TABLE  8.4 

TUNGSTEN  INSERT  SUMMARY 

Insert  Description 

180 -tail  wall  arc  cast 
and  extruded 


800-all  wall  arc  cast 
and  extruded 


180-mil  wall  gas 
pressure  consolidated 
(cylindrical  backside) 

8 00 -mil  wall  gas 
pressure  consolidated 


2-piece  arc  cast  and 
extruded 


t-piece  arc  cast  and 
extruded 


IXity  Cycle 

26  seconds 

tr  BCool  to  aabient 

36  seconds 
Cool  to  aabient 
24-1/2  seconds 
Insert  obtruded 

61  seconds 
Cool  to  aabient 
61  seconds 
Cool  to  aabient 
56  seconds 

50  seconds 
Cool  to  aabient 
5-1/2  seconds 

Five  5-second  pulses 
with  5  seconds  between 
pulses.  Cool 
25  ainutes. 

Five  5-second  pulses 
with  5  seconds 
between  pulses.  Cool 
to  equilibrium 
(33  seconds).  Fire 
Cor  20  seconds 

20  seconds 

Cool  100  seconds 

15  seconds 

r‘ool  to  aabient 

15  seconds 

Cool  100  seconds 

Four  5-second  pulses 

spaced  5  seconds  apart 

Cool  to  xabient 

Six  5-second  pulses 

spaced  5  seconds  apart 

37  seconds 

Cool  103  seconds 
10  seconds 
Cool  to  ambient 

27  seconds 
Cool  63  seconds 

Four  S-second  firings 
spaced  5  seconds  apart 
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FIGURE  8-14.  SECTIONED  INSERT  OF  ROCKET  MOTOR  TEST  NO 
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surface  is  fused  silica  caused  when  the  insert  impacted  an  earthen  embank¬ 
ment  after  being  ejected.  Note  that  the  contour  of  the  section  is  well 
preserved  even  though  the  insert  was  pretty  well  battered  by  the  impact. 

Two  saaples  were  taken  from  the  nossle  after  firing  was  completed.  The 
results  of  X-ray  diffraction  analysis  are  shown  in  Table  8.5.  It  is 
interesting  to  note  that  tungsten  carbides  were  found  in  the  exit  cone. 
These  carbides  had  evidently  flowed  downstream  from  the  insert  during 
firing.  The  sample  taken  from  the  backup  material  adjacent  to  the  Insert 
backside  showed  no  carbides.  Visual  Inspection  of  the  insert  confirmed 
that  there  was  no  gross  melting  on  the  backside  although  there  was  some 
carbide  present.  It  may  be  concluded  then  that  the  insert  obtruded  because 
it  became  very  soft  at  the  elevated  temperature  and  there  was  sufficient 
force  to  cause  it  to  be  ejected.  It  may  not  be  concluded  that  carbide 
melting  on  the  backside  was  a  ssajor  factor  in  the  loss  of  the  Insert. 

TABLE  8.5 

X-RAY  DIFFRACTION  DATA  OF  ROCKET  MOTOR  TEST  NO.  7  SAMPLES 


Percent  of  Cosgound  in  Sasple 


Sample 

GLAI2O3 

<xv2c 

VO3 

VC 

ai2oc 

a14c3 

Remarks 

1 

70-80 

low 

low 

trace 

trace 

Sample  taken 
from  exit  sec 
tion  approxi¬ 
mately  1  inch 
downstream  of 
insert. 

2 

10-15 

trace 

4-6 

Sample  taken 

from  ATJ  behind 
insert  section. 
Sample  mostly 
normal  graphite. 
One  peak  ~  Al 
100  percent 
intensity  line 
5  percent  plus 
or  minus. 

The  duty  cycle  to  which  the  nossle  was  subjected  unquestionably  brought  the 
entire  insert  above  the  temperatures  necessary  for  grain  growth  and  tungsten- 
carbide  reactions  to  occur.  Analytic  l  .evictions  indicated  that  the  flame- 
front  material  at  the  throat  would  reuch  2400°C  (4350°K)  in  about  10  seconds 
and  the  backside  would  teach  chla  temperature  In  about  23  seconds.  For  each 
of  the  three  firing  cycles,  th  •  entire  insert  would  have  been  expected  to 
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have  been  above  this  temperature .  The  average  grain  sice  in  the  throat 
region  is  approximately  0.016  inch.  This  is  about  five  times  as  large  as 
vould  be  expected  from  the  materials  laboratory  studies  for  three  excursions 
to  2400°C. 

Even  so,  there  remains  a  patch  of  small  grains  evident  in  Figure  8-14. 

This  patch  lies  along  a  veil  defined  striation  line,  and  it  is  quite  prob¬ 
able  that  the  initial  microstructure  in  this  region  influences  the  rate  of 
grain  growth. 

b.  Rocket  Motor  Test  8  Insert.  Figure  8-15  is  a  view  of  the  backsid.- 
of  the  tungsten  insert  used  in  rocket  motor  test  8.  This  photograph  shows 
the  deposits  which  resulted  partly  from  the  backside  flow.  At  the  inner 
surface  and  extending  aft  are  the  carbide  deposits  which  have  flowed  'v,r*»r 
the  inner  surface. 

Figure  8-16  is  a  view  from  upstream.  Deposits  are  evident.  General  rough¬ 
ness  of  the  contour,  material  loss  from  the  upstream  face  near  the  inner 
surface,  end  the  radial  fracture  can  all  be  seen  in  this  figure. 

Figure  8-1?  shows  the  untouched  fracture  surface.  The  insert  had  been  sec¬ 
tioned  prior  to  photographing.  After  sectioning,  the  insert  did  not  fall 
apart  at  the  fracture  but  was  securely  held  together  at  or  near  the  inner 
surface.  It  had  to  be  mechanically  broken  to  part  it.  From  the  appearance 
of  the  fracture  surface,  It  can  be  deduced  that  the  moat  probable  mechanism 
of  bonding  was  by  carbides. 

Figure  8-18  is  a  photograph  of  the  sectioned  insert  which  has  been  polished 
and  etched.  Loss  of  upstream  material  by  carbide  formation  is  quite  evident. 
Thi*  section  includes  the  fracture  which  is  seen  as  the  channeling  at  about 
the  middle  of  the  upstream  surface. 

Figure  8-19  is  an  enlargement  at  the  lower  portion  of  the  section  shown  in 
Figure  8-18  .  The  surface  carbide  layer  is  quite  evident.  Carbide  migration 
into  the  grain  boundaries  can  be  traced  to  a  considerable  depth.  Carbides 
were  detected  to  a  depth  at  about  3/16  inch.  Toward  the  aft  region  of  the 
insert  near  the  inn  r  surface,  a  small  grain  within  »  grain  can  be  clearly 
seen.  This  small  grain  was  being  dissolved  at  a  very  rapid  rate  when  the 
Insert  cooled  otf.  Grain  growth  in  this  region,  being  extremely  rapio,  has 
resulted  in  random  directional  grain  enlargement  probably  between  grains  of 
minimum  crystal  miser ientat ion  a-  is  suggested  by  this  included  grain  which 
has  almost  been  annihilated  by  the  larger  surrounding  grain. 

The  tremendous  variation  in  grain  site  ccn  be  seen  from  Che  flanefront  sur¬ 
face  to  the  'ft  backside  corner*  In  the  region  near  the  hottest  surface, 
exaggerated  grain  growth  is  vident  along  the  insert  length.  The  average 
grain  cri.>a  section  is  approximately  3,5  x  10*3  in/,  The  resulting  grains 
in  this  portion  of  the  specimen  tend  to  be  somevhat  longer  in  the  radial 
direction  th. >.i  in  the  axis!  direction. 
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FIGI»£  9-15.  BACKSIDE  VIEW  OF  INSERT  OF  ROCKET  MOTOR  TEST  NO.  8 
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FIGURE  8- It*.  VIEW  FROM  UPSTREAM  OF  INSERT  OF  ROCKET  MOTOR  TEST  NO.  8 
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FIGURE  8-19.  SECTIONED  INSERT  OF  ROCKET  MOTOR 
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Analytical  predictions  indicate  that  the  flame  front  material  would  reach 
2400°C  (4350°F)  in  about  21  seconds  and  that  the  backwall  temperature  would 
achieve  this  value  in  about  60  seconds.  Thus,  according  to  these  predictions, 
the  entire  insert  would  have  exceeded  this  temperature  in  each  of  the  three 
firing  cycles. 


The  grain  size  in  the  area  farther  removed  from  the  flame  surface  and  lying 
along  a  striation  line  of  enlarged  grains  is  approximately  1.1  x  10"^  in. 2 
and  exhibits  a  more  equiaxed  structure  indicative  of  more  uniform  grain 
boundary  movement.  Within  this  region  a  band  of  relatively  small  crystals 
is  apparent. 


The  region  adjacent  to  the  outside  surface  is  in  contact  with  a  graphite 
support  and  therefore  expected  to  be  cooler.  The  grain  size  in  this  portion 
of  the  nozzle  is  approximately  3.4  x  10“^  in.^. 


The  nozzle  material  at  the  lowest  temperature  is  that  at  the  outside  surface 
at  the  aft  end  of  the  insert.  As  expected,  the  grain  growth  in  this  region 
is  less  than  elsewhere  although  some  grcvth  is  evident.  This  material, 
surrounded  by  finer  grained  material,  is  not  understood.  It  is  to  be 
expected  that  grain  growth  would  be  less  than  that  in  material  closer  to 
the  interior  structure.  The  larger  grained  material  lying  radially  outward 
from  the  finer  grained  material  could  be  the  consequence  of  a  local  varia¬ 
tion  in  raw  material  stock  (compositional  or  structural  variations)  which 
could  be  more  amenable  to  grain  growth. 


X-ray  diffraction  analysis  data  for  samples  taken  from  the  insert  are  given 
in  Table  8.6.  The  sample  taken  from  the  recessed  upstream  face  showed  a 
preponderance  of  alumina.  The  sample  taken  from  the  backside  showed  high 
concentrations  of  tungsten  carbides.  There  was  considerable  backside  leak¬ 
age  behind  this  insert  which  was  evidenced  by  exit  section  erosion.  The 
sample  taken  from  the  material  which  appeared  to  flow  at  the  downstream 
edge  of  the  insert  (see  Figure  8-15)  was  composed  almost  entirely  of  tung¬ 
sten  and  tungsten  carbides.  This  material  came  from  the  flamefront  mate 
rial.  The  hydrocarbons  reacted  with  the  insert  material  and  the  elemental 
tungsten  melted  and  the  mixture  flowed  from  the  contoured  surface  to  form 
the  ragged  tail  on  the  insert. 
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TABLE  8.6 

X-RAY  DIFFRACTION  ANALYSIS  OF  ROCKET  MOTOR  TEST  NO.  8  SAMPLES 


2 


Percent  of  Compound  in  Sample 


Sample 

•yai2o3 

(XAI2O3 

W 

WC 

aw2c 

C 

Remarks 

1 

50 

25 

15 

10 

Trace 

Unknown  compound, 

low  percent,  also 

present 

2 

5- 

25 

15 

50 

5 

3 

Trace 

65 

5 

30 

Sample  taken  from 

material  which 
appeared  to  flow 
at  downstream 
edge. 

c.  Rocket  Motor  Test  12  Insert.  The  second  firing  of  this  insert 
(see  Table  8.4  )  was  conducted  to  examine  alumina  deposition  and  to  check 
for  thermal  shock  in  the  material  after  grain  growth  had  beer  induced  on 
the  first  firing.  Alumina  deposition  is  quite  evident  in  Figure  8-20. 

There  was  a  complete  cone  of  deposits  at  the  termination  of  firing,  but 
most  of  this  cone  was  lost  when  the  nozzle  was  disassembled.  Backside 
deposition  which  resulted  from  backside  gas  flow  can  also  be  seen  in 
Figure  8-20.  This  insert  had  a  cylindrical  backside  in  contrast  to  the 

other  tungsten  inserts  which  all  had.  Conical  backsides. 

*.  _ 

Figure  8-21  shows  a  section  of  the  fired  nozzle  with  an  enlargement  of  a 
portion  of  the  section.  Material  loss  caused  by  carbide  formation  from  the 
upstream  portion  of  the  insert  can  be  noted.  The  typical  hexagonal  struc¬ 
ture  of  the  gas  pressure  bonded  material  has  been  preserved  even  though 
considerable  grain  growth  has  occurred.  It  was  noted  that  the  grain  growth 
did  not  progress  across  these  hexagonal  boundaries  on  either  of  the  two  gas 
pressure  bonded  inserts  fired. 

No  grain  growth  correlation  was  made  nor  could  it  reasonably  be  attempted. 

No  laboratory  data  were  generated  as  noted  in  Paragraph  4.2.  The  hexagon¬ 
like  structure  typical  of  the  gas  pressure  bonded  material  was  still  evident 
since  grain  growth  was  predominately  within  the  particles.  This  is  the  same 
type  of  behavior  observed  in  the  laboratory  sample  which  was  heated. 
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FIGURE  8-20.  INSERT  OF  ROCKET  MOTOR  TEST  NO.  12 
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d.  Rocket  Motor  Test  13  Insert.  Figure  8-22  is  a  view  from  upstream 
showing  fractures  and  loss  of  material  at  the  inlet  region  of  the  insert. 

It  is  postulated  that  the  loss  of  inlet  material  and  widening  of  the  frac¬ 
tures  at  the  inlet  are  both  due  to  carbide  formation  and  runoff.  The  insert 
did  not  fall  apart  when  the  nozzle  was  disassembled;  rather,  the  two  halves 
of  the  fractured  insert" were  well  bonded  together  with  carbides. 

Figure  8-23  shows  the  fracture  surfaces  of  the  iusert.  Note  the  sharpness 
of  the  backside  contour,  the  aft  end  contour,  and  the  outer  region  of  the 
forward  contour.  There  was  a  very  thin  carbon-carbide  layer  on  all  of  these 
surfaces.  No  evidence  of  backside  leakage  was  found  although  some  minor 
leakage  did  occur. 

Figure  8-24  shows  a  polished  and  etched  section  which  lies  just  below  the 
fracture  surface.  An  enlargement  of  a  region  of  this  section  is  also  shown. 
The  region  of  grain  growth. is  detectable  in  this  photo  as  that  region  with 
the  salt  and  pepper  appearance.  The  enlargement  shows  that  the  grain  growth 
has  not  obliterated  the  hexagonal  pattern  characteristic  of  the  gas  pressure 
bond  material. 

e.  Development  Test  2  Insert.  This  insert  was  a  two-piece  item  with 
the  split  between  the  two  pieces  at  about  the  sonic  line.  Figure  8-25 

is  a  view  from  upstream  showing  deposition,  carbide,  preservation  of  round¬ 
ness  of  the  throat,  and  the  interface  between  the  two  pieces  of  the  insert. 

Figure  8-26  is  a  polished  and  etched  section  of  the  insert.  Apparent  general 
surface  roughness  i3  a  combination  of  deposits  and  streaking  of  the  flame- 
front  material.  The  toothed  effect  which  is  evident  in  the  photo  at  the 
aft  feather  edge  of  the  insert  was  caused  by  taking  samples  for  X-ray 
diffraction  analysis  and  not  by  this  streaking. 

Figure  8-27  shows  an  enlargement  of  the  polished  section  in  the  region  of 
the  interface  of  the  two  pieces  of  the  insert.  It  can  be  noted  that  there 
is  some  very  slight  loss  of  material  at  the  inner  corner  of  the  downstream 
element.  A  few  huge  grains  are  noticeable  at  the  inner  surface  of  the 
upstream  element.  The  adjacent  grains  are  quite  small  by  comparison. 

This  irregular  grain  growth  pattern  is  not  evident  in  the  downstream  piece 
where  there  does  not  appear  to  be  much  variation  in  grain  size  through 
the  thickness  of  the  component. 

Striations  are  much  more  evident  in  this  insert  than  in  the  arc  cast  and 
extruded  inserts  fired  in  rocket  motor  tests  7  and  8.  The  grain  growth  has 
been  much  less  in  this  insert  and  the  initial  character  of  the  material 
has  been  better  preserved. 
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FIGURE  8-23. 
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FIGURE  8-2i.  SECTi^Sr*  IRSEKT  OF  ROCKET  KOTOR  TEST  NC.  i  > 
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FIGURE  8-25.  UPSTREAM  VIEW  OF  INSERT  OF  DEVELOPMENT  TEST  NO.  2 
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been  from  ambient  tempt  rat  art-. 

Home  very  Large  grains  were  evident  near  the  interface  of.  the  two  pieces  of 
tlu  insert.  These  grains  were  of  the  order  of  0.07-inch  m  size.  The 
material  back  of  the  larger  grains  at  the  flame* front  material  varied  in 
grain  size  from  about  0.0025  to  0.004  inch  with  the  grains  nearer  the 
flame  front  generally  exhibiting  a  slightly  larger  average  size.  This  is 
the  size  range  which  might  be  anticipated  for  3  or  4  excursions  to  2400°C 
according  to  the  laboratory  data  presented  in  Paragraph  4.2. 

X-ray  diffraction  data  art  biven  in  Table  8,7. 


TABLE  8 . 7 


X-RAY  DIFFRACTION  ANALYSIS  DATA  DEVELOPMENT 
TEST  NO.  2  SAMPLES 


(2)  BLACKISH  CRUST 

\  /^*TT-*71  /I  \ 

\U,UR  'L> 

\  (!>  SHINY  GREENISH  STAIN 
\  ON  END 


(6 )  BLACK  CRUST  INSIDE 
CONE 


(4)  GRAY  YELLOW 
CRUST  INSIDE 


(7)  WHITISH  CRUST 

'--—(8)  YELLuW  GnxEN 
POWDER  ON  OUTSIDE 
\(10)  CRAY  CRUST  OUTSIDE 
(5)  YELLOW  BLUE  AREA 

(3)  BLUE  STAIN  AREA  ON  END 
"'(9)  GRAY  CRUST  OUTSIDE 
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«-tc!«  ;  s «  i. ;  i  (!’•■  ol  this  one-pi  <•».«  an  . •  •  i  ;nd  <  l  rudcd  t  i nst  t  •  . 

Su>-  t.-K'f  ’it r caking  i s  apparent  on  t  he  f !  i-.csielt  material  .«*.  it  was  tor  ti  e 
insert  of  tile  second  de  v<  1  opm<  nt  test  nozzl  . 

Figures  8-2?  and  8-30  are  enlargements  of  the  polished  sections  shown  in 
Figure  P  28.  The  great  difference  in  grain  size  between  the  two  figures 
is  quite  marked.  In  Figure  8-29,  which  shows  the  larger  grains,  there  is 
an  abrupt  decrease  in  grain  «tze  in  the  radial  direction  --  the  grains  are 
huge  near  the  inner  surface  and  abruptly  become  much  smaller  outward  from 
this  region.  The  grain  size  in  this  region  is  approximately  0.03  inch 
for  the  large  grains  and  back  of  these  grains  varies  radially  from  about 
0.C04  inch  to  about  0.0027  inch.  On  the  other  side  of  the  insert, 

Figure  8-30,  behind  the  larger  grains  at  the  flame  front  surface,  the  grain 
size  varies  between  0.003  inch  and  0.0035  inch. 

T!  it  oortion  of  the  insert  with  the  largest  grains,  shown  in  Figure  8-29, 
r  ac  ed  a  higher  temperature  than  the  remainder  of  the  insert.  Close 
inspection  of  Figure  8-28  reveals  corroborative  evidence  to  this  effect. 
There  is  discernable  streaking  on  the  flamefront  surface  near  this  region 
and  the  upstream  edge  of  the  insert  has  been  slightly  rounded. 

According  to  analytical  prediction,  the  tlamefrmt  material  realized  a 
temperature  of  4700°F  or  greater  four  times  and  the  backside  material 
achieved  a  temperature  of  4700°F  or  greater  twice  during  the  duty  cycle. 
These  temperatures  would  be  more  than  sufficient  ro  cause  Doth  grain 
growtn  ana  backside  carbide  reactions. 

In  Figure  8-30  the  stiiations  are  not  all  parallel.  In  this  case,  this 
insert  was  fabricated  from  the  end  of  the  tungsten  billet.  The  arc  melting 
of  the  tungsten  into  the  ingot  form  cuuld  be  expected  to  produce  this 
effect  at  the  end  of  the  bar  which  was  first  melted. 

There  was  no  backside  leakage  behind  this  insert  since  a  good  fit  was 
obtained  with  the  backup  graphite.  Still  carbide  formation  was  evident 
on  the  backside  ot  the  tungsten  insert.  X-ray  diffractio..  data  for 
samples  removed  from  this  inser-  .  i~  Table  8,8.  It  is  rote 

in  tl.io  t-abie  that  tiie  sampi.  ..  2-ub.  oackside  of  the  insert 

(sample  1)  was  almost  all  carbide.  This  carbide  was  observed  to  exist 
uniformly  over  the  backside  surface  to  an  estimated  depth  of  0.002  inch. 
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TABLE  8 . 8 

X-RAY  DIFFRACTION  ANALYSIS  DATA  DEVELOPMENT 
TEST  NO.  4  SAMPLES 


(3)  BLUISH  COLORED  AREA  UNDER  CRUST  (4)  OUTSIDE  ON  OBTRUSION  LINE 


Percent  Compound  in  Sample 


SampLe 

(ZAI2O3 

WC 

CtW  2C 

ai403 

W03 

r-ai2o4 

w 

1 

- 

75-85 

10-15 

- 

5 

- 

- 

2 

90-95 

trace 

2-4 

2-4 

- 

- 

- 

3 

- 

5-10 

85-90 

- 

1-3 

- 

- 

4 

- 

- 

5-10 

- 

90-95 

- 

- 

5 

2-5 

2-5 

2-5 

trace 

5-10 

- 

80-90 

6 

2-4 

- 

- 

2-4 

90-9c 

- 

7 

80-90 

- 

- 

- 

10-20 

- 

8 

70-80 

- 

2-5 

trace 

2-5 

10-20 

- 

9 

20-30 

2-5 

2-5 

2-3 

2-5 

50-60 

- 

10 

60-70 

2-5 

- 

- 

trace 

20-30 

- 

g* 

Discussion 

1.  One 

factor  which  obscures  the  tungsten 

grain  growth 

phenomenon  is  that 

large 

grains  grow 

faster 

than  small 

grains 

.  Once  grain 

growth  is  initiated,  larger  grains  can  be  formed  by  the  violation  of  a 
single  grain  boundary.  If  grain  growth  be  viewed  as  rerely  a  succession 
of  doubling  grain  size,  i.e.,  two  grains  combine  to  form  a  single  larger 
grain,  then  the  grain  size  goes  up  by  powers  of  two.  A  region  which  has 
experienced  the  causitive  mechanism  to  a  degree  sufficient  to  produce  only 
half  the  effect  that  another  region  has  experienced  would  have  only  one* 
fourth  the  grain  size  of  the  other  region.  In  effect,  this  is  what  happen 
The  causitive  mechanism  is  a  combination  of  temperature  and  time,  and 
extremely  high  temperatures  appear  to  produce  a  given  grain  size  in  leas 
than  a  proportionate  time  than  do  lower  temperatures, 
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Initial  microstruccure  or  substructure  is  probably  an  influencing  factor  in 
graii  growth.  As  can  be  noted  in  Figures  8-14,  8-19,  8-27,  and  8-29 
some  non-monotonic  grain  size  gradients  as  well  as  some  abrupt  changes  in 
grain  size  were  produced  in  the  inserts.  Some  of  these  effects  appear  to 
be  associated  with  the  striations  evident  in  the  material.  These  striations 
are  associated  with  the  processing  of  the  material.  The  abrupt  changes  in 
grain  size  in  Figures  8-27  and  8-29  appear  to  be  associated  with  isotherms. 

A  rough  correlation  can  be  made  between  the  laboratory  data  and  the  experi¬ 
mental  data  for  the  two  development  tests.  The  smaller  grains  which  exist 
behind  the  large  grains  in  the  flamefront  material  are  in  the  size  range 
which  might  be  expected  for  the  nunber-of  temperature  excursions  to  2400°C 
which  were  experienced.  An  attempt  was  made  to  correlate  the  observed  grain 
growth  with  the  number  of  excursions  to  and  total  time  above  certain  temperature 
levels.  These  data  are  presented  in  Table  8,9.  In  this  table,  there  is  a 
wide  discrepancy  between  the  rocket  motor  test  data  and  the  development  test 
data.  Degradation  of  the  entrance  sections  '  the  rocket  motor  test  nozzles 
had  the  effect  of  increasing  the  heat  tr^.i&i^.  coefficient  at  the  insert  and 
thereby  increasing  the  temper  fure  1<-  :1  which  the  insert  actually  attained. 

It  would  appear,  then  that  grain  growth  is  quite  sensitive  to  these  higher 
temperatures.  This  is  confirmed  by  the  insert  of  ievelopment  test  number  4. 
Where  this  insert  becomes  local 1;  hotter,  grain  growth  was  quite  exaggerated 
and  abruptly  fell  off  behind  the  hotter  region 

The  observation  of  carhidi  formation  on  thr  backside  of  the  inserts  of  the 
rocket  motor  tests  was  somewhat  bscured  by  backside  leakage.  The  com¬ 
bustion  products  were  availaole  in  these  cases  to  induce  carbide  formation. 

It  can,  in  general,  be  concluded  that  the  backside  carbide  formation  was 
almost  in  proportion  to  the  degree  of  backside  leakage. 

The  correlation  of  carbide  formation  is  much  better  for  the  development  test 
inserts.  The  backsides  of  these  two  inserts  were  at  or  above  the  critical 
temperature  of  2475°C  (4430°F)  only  briefly.  Uniform  carbide  coatings  were 
observed  on  the  backsides  of  the  two  inserts  to  an  estimated  depth  of  about 
2  mils.  No  incongruent  melting  was  observed  as  might  be  expected  had  the 
inserts  been  held  at  this  or  higher  temperatures  for  longer  times. 

No  attempts  were  made  to  determine  any  effects  of  alumina  on  any  of  the 
tungsten  material.  The  equipment  available  to  probe  for  the  presence  of 
grain  boundary  materials  was  not  sensitive  enough  to  detect  compounds  having 
low  atomic  number  constituents. 
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8.3  EXIT  SECTIONS 

All  exit  sections  performed  well  in  the  rocket  motor  and  development  tests. 

The  flamefront  materials  of  these  sections  were  polycrystalline  graphites, 
or  a  combination  of  poiycrystalline  graphite  followed  by  carbon  cloth 
phenolic  for  all  nozzles-  As  discussed  in  Sections  3  and  6,  erosion  of 
exit  sections  occurred  on  some  tests  because  of  backside  gas  leakage 
of  tungsten  inserts.  This  is  not  considered  to  be  an  exit  section  problem 
since  its  solution  lies  in  the  throat  region.  No  other  erosion  and  no 
cracking  of  these  exit  sections  was  observed. 

The  problem  of  gas  leakage  was  attacked  by  providing  a  better  fit  between 
the  tungsten  insert  and  the  ATJ  backup.  This  reduced  the  exit  section 
erosion  as  evidenced  by  the  results  of  tests  12  and  13  of  the  rocket  motor 
series  and  the  results  of  the  development  tests. 

Because  experience  had  shown  that  exit  sections  of  subscale  rocket  nozzles 
present  no  inherent  problems,  no  analysis  was  performed  for  the  rocket 
motor  test  nozzies.  It  was  felt  that  analyses  developed  for  these  sections 
would  be  useful  only  in  lending  a  degree  of  sophitication  to  design  tech¬ 
nology  which  already  existed.  This  confidence  has  been  justified  by  the 
successful  performance  of  the  exit  sections. 

A  note  of  caution  is  in  order  at  this  point.  Flightweight  nozzles,  composed 
of  minimum  sections  would  have  additional  considerations  attendant  to  th»  Lr 
designs.  These  considerations  include  methods  of  retention  of  the  flame- 
front  materials,  large  expansion  ratios  resulting  in  large  diameter  com¬ 
ponents,  small  wall  thicknesses,  and  thin  outer  shells. 

The  methods  of  retention  may  result  in  high  localized  contact  stresses  or 
the  creation  of  stress  concentrations. 

Large  diameter,  thin  wall  components  can  behave  as  shells,  wherein  the 
temperature  distribution  is  approximately  linear.  Recalling  from 
Paragraph  3.2.1  that  the  thermal  stresses  are  proportional  to  the  product  of 
the  temperature  difference  across  the  wall  and  a  loading  function,  fn,  the 
loading  function  takes  on  its  maximum  value  for  a  linear  temperature 
distribution  and  can  thus  be  two  or  three  times  greater  than  for  a  thicker 
section.  The  temperature  difference  then  needs  to  be  only  one-half  or  one- 
third  Its  value  for  thicker  sections  in  order  to  develop  the  same  stress 
response.  Although  the  temperature  in  exit  sections  is  not  so  extreme  as 
for  other  components,  it  does  not  need  to  be  in  order  to  produce  the  same  degree 
of  structural  response. 

Thin  outer  shells  may  not  produce  the  same  degree  of  radial  restraint  as  is 
produced  by  thicker  sections  of  lower  modulus  materials  such  as  is  obtained  in 
throat  sections.  Thus,  the  reduction  of  tensile  response  by  backside  restraint 
is  lessened  and  this  can  be  important  for  flamefront  materials  which  have  tensile 
strengths  ouch  lower  than  their  compressive  strengths. 
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8.4  INSULATION 

To  determine  the  ability  of  the  ablation  analysis  in  predicting  ablation 
characteristics  and  the  limitations  imposed  on  the  ablation  analysis  by  the 
lack  of  accurate  ablation  property  data,  the  ablation  analysis  was  applied 
to  the  demonstration  and  development  motor  firings.  The  predicted  and 
measured  ablation  characteristics  were  compared  using  the  following 
correlations : 

(1)  Pyrolytic  graphite  (PG)  backwall  temperature  response 

(2)  Heat  dissipated  during  soak  back 

(3)  Final  char  thickness 

These  correlations  represent  important  parameters  in  defining  duty  cycle 
limitations  and  rocket  motor  design  criteria  and  are  also  easily  acquired 
from  the  motor  firings. 

The  pyrolytic  graphite  backwall  temperature  response,  although  directly 
related  to  heat  dissipated  after  insert  equilibration,  gives  a  good  indi¬ 
cation  of  the  behavior  of  ablation  during  equilibration  and  the  total  heat 
absorbed  by  the  heat  sink  during  firing  (verification  of  analytical  con¬ 
vective  and  radiative  boundary  conductions).  The  measured  and  predicted 
pyrolytic  graphite  backwall  temperatures  are  shown  in  Figures  8-31  and  8-32 
for  the  development  and  demonstration  motor  firings,  respectively.  In 
Figure  8-31  the  correlation  between  the  analytical  prediction  and  measured 
values  is  very  good  during  the  firing  and  soak  periods.  However,  during 
the  period  immediately  following  shutdown,  the  thermocouple  measurements 
experience  a  large  decrease  in  temperature.  This  phenomena  has  been  discussed 
in  Paragraph  2.4  and  is  considered  to  be  caused  by  an  instantaneous  increase 
in  pyrolysis  gas  mass  flow  (the  increase  in  pyrolysis  gas  mass  flow  is  caused 
by  the  large  chamber  pressure  decay  during  shutdown).  The  deviation  in  the 
predicted  ablation  analysis  and  measured  temperatures  before  shutdown  is 
attributed  to  the  delay  in  pyrolysis  mass  flow  through  the  developed  char. 

This  is  evident  by  comparing  the  analytical  prediction,  assuming  no  ablation, 
with  the  actual  results.  The  difference  between  the  measured  and  predicted 
results  during  the  soak  period  is  largely  caused  by  the  deposition  phenomena 
and  the  convective  boundary  condition  employed  in  the  analysis.  The  convec¬ 
tive  boundary  condition  employed  in  the  development  nozzle  thermal  analysis 
causes  approximately  6  percent  and  3  >ercent  more  heat  to  be  absorbed  by  the 
pyrolytic  graphite  washers  than  actually  occurred  during  the  first  and  second 
firings,  respectively. 

The  throat  backwall  thermal  response  for  the  demonstration  test  is  shown 
in  Figure  8-32  .  The  effect  of  the  start  transient  and  alumina  deposition 
on  the  backwall  temperature  is  evident  during  the  first  30  seconds  of  firing. 
(The  rate  of  pressure  rise  and  the  time  to  reach  a  nearly  steady  chamber 
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pressure  was  considerably  less  for  the  demonstration  than  for  the  develop¬ 
ment  firing  as  shown  in  Figure  8-33  .  The  deviation  between  the  predicted 
and  measured  temperatures  in  the  40-  to  50-second  period  is  attributed  to 
the  pyrolysis  gas  mass  flow  rate  that  results  when  the  effects  of  gas  momen¬ 
tum  change  and  gas  storage  are  not  considered.  The  thermal  analysis,  using 
the  radiation  and  convective  boundary  conditions  employed  in  the  demonstra¬ 
tion  nozzle,  predicted  approximately  9  percent  more  heat  to  be  absorbed 
by  the  throat  washer  than  actually  occurred. 

The  ability  of  the  thermal  analysis  in  predicting  the  thermal  response  dur¬ 
ing  the  soak  period  can,  in  part,  be  determined  by  comparing  the  measured 
and  predicted  cooldown  rates.  Figures  8-34  and  8-35  present  the  measured 
and  predicted  cooldown  rates  for  the  pyrolytic  graphite  development  and 
demonstration  firings,  respectively.  Only  the  soak  back  heat  transfer 
mechanisms  that  were  found  to  be  important  in  Paragraph  2.4  were  included 
in  the  thermal  analysis  of  Figures  8-34  and  8-35  (i.e.,  two-dimensional 
conduction,  ablation,  intersurface  radiation,  and  radiation  to 
space). 

The  enthalpy  change  of  the  throat  washer  during  soakback  for  the  develop¬ 
ment  and  demonstration  nozzles  was  found  from  the  thermocouple  trace  after 
insert  equilibration.  After  the  equilibration  period  (insert  approaches  a 
radial  isothermal  condition)  the  change  in  pyrolytic  graphite  backwall  tem¬ 
perature  (dT/dt)  is  related  directly  to  the  enthalpy  change  of  the  washer 
(dH/dt  *  c  dT/dt).  In  Paragraph  2.4.3  it  was  found  that  the  heat  dissipated 
by  ablation  is  considerably  larger  than  the  heat  removed  from  the  pyrolytic 
graphite  washers  by  the  other  cooldown  mechanisms.  Therefore,  the  measured 
and  predicted  enthalpy  change  of  the  pyrolytic  graphite  washers  is  almost 
entirely  a  result  of  ablation. 

In  Figure  8-34  the  effect  of  heat  content  level  at  the  initiation  of  heat 
soak  on  ablation  performance  is  shown  when  coranlete  cooldown  to  ambient 
condition  was  not  reached.  The  predicted  enthalpy  change  at  the  end  of 
the  first  soak  period  is  slightly  less  than  the  initial  enthalpy  change 
at  the  Initiation  of  the  second  soak  period.  Also,  the  enthalpy  change 
during  the  second  soak  periou  reaches  a  peak  at  approximately  50  seconds; 
whereas  the  first  soak  period  enthalpy  change  is  always  decreasing.  That 
is,  at  the  end  of  the  first  soak  period,  the  ablation  rate  was  approaching 
steady  state.  By  firing  the  motor  a  second  time  (see  Figure  8-34),  the 
enthalpy  level  of  the  washer  was  increased,  thereby  increasing  the  heat 
transferred  to  the  pyrolysis  zone;  consequently  the  ablation  rate  and 
radial  temperature  gradient  in  the  char  increased. 

In  Figure  8-35  ,  the  effect  of  initial  char  thickness  and  heat  content  level 
on  the  ablation  phenomena  is  shown.  During  the  first  cooldown,  the  motor 
reached  ambient  conditions;  therefore,  on  restart,  the  enthalpy  change 
versus  time  will  be  of  the  shape  as  that  obtained  during  the  first  soak 
period,  but  will  be  of  a  lower  level. 
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FIGURE  8-33.  INITIAL  CHAMBER  PRESSURE 
VS  TIME  COMPARISON 


FIGURE  8-34.  RATE  OF  ENTHALPY  CHANGE  OF  THROAT  HASHER  VERSUS  SOAK  TIME 
FOR  AS-DEPOSITED  P.G.  DEVELOPMENT  MOTOR  FIRING 
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By  comparing  Figures  8-31  and  8-32  during  the  first  soak  period,  it  can  be 
seen  that  the  backwall  temperature  for  the  demonstration  nozzle  (see 
Figure  8-35  )  after  equilibration  is  higher  than  that  of  the  development  nozzle 
(Figure  8-34  )•  Therefore,  as  expected,  the  enthalpy  change  during  the 
first  soak  period  is  larger  for  the  demonstration  nozzle  (Figure  8-35) 
than  that  of  the  development  (Figure  8-34). 

The  correlation  between  the  predicted  and.  measured  enthalpy  change  that  is 
indicated  in  Figures  8-34  and  8-35  is  largely  dependent  on  the  accuracy 
of  the  thermocouple  data  and  the  ablation  property  values  employed  in  the 
thermal  analysis.  As  indicated  in  Figures  8-36  and  8-37  ,  the  predicted 
char  depths  arc  larger  than  those  measured,  yet  the  predicted  enthalpy 
change  is  of  the  same  level  as  that  indicated  by  the  thermocouple  data. 

This  indicates  that  both  the  predicted  ablation  rates  and  the  corresponding 
amount  of  energy  absorbed  by  the  abiation  phenomena  are  in  error.  These 
errors  art  of  course  reflected  by  inaccuracies  in  the  ablation  properties. 

Of  the  ablation  properties  employed  in  the  analysis,  the  Arrhenius  rate 
constants,  char  thermal  conductivity,  and  carboneous  char-reinforcement 
chemical  reactions  are  considered  of  primary  importance.  The  accuracy  of 
the  thermocouple  data  used  in  determining  the  enthalpy  change  is  highly 
questionable  as  evidence  by  the  scatter  in  Figures  8-34  and  8-35  .  This 
thermocouple  discrepancy  may  be  attributed  to  the  pyrolysis  products  and 
the  tint  it  which  the  thermocouple  is  at  high  temperatures.  The  latter 
has  been  found  to  affect  both  the  thermocouple  calibration  and  contact 
resistance. 

The  predic.ed  final  char  dep*h,  alter  the  first  cooldown  to  ambient  is  shown 
in  Figures  8-36  and  8-37  for  the  demonstration  and  development  nozzle 
firings,  respectively.  The  sent -*mpirical  determined  char  depths  in  both 
figures  were  based  on  the  final  <ured  char  depth  and  the  equation  r  =  k  t1'  , 
where  t  is  the  cumulative  firlnn  . .me.  Use  of  this  equation  in  determining 
the  char  depth  Is  valid  only  when  the  nozzle  cooled  to  an  ambient  condition. 

The  predicted  char  depth  is  overly  conservative  as  noted  in  Tigures  8-36 
and  8-37  .  The  correlation  presented  in  Figure  8-36  ,  howaver,  is 
approximate,  since,  during  the  last  25  seconds  of  firing,  the  slurry  orifices 
plugged  and  the  propellant  combination  was  oxygen  rich  causing  the  throat  to 
undergo  excessive  corrosion-erosion.  Therefore,  the  heat  that  is  to  be 
dissipated  by  ablation  is  less  (loss  of  heat  sink  material  and  reduced 
heating  during  firing).  The  conservatism  of  the  analytical  predicted  char 
depths  is  felt  to  be  influenced  primarily  by  inaccuracies  in  the  ablation 
property  data  and  the  conservative  prediction  cf  the  heat  absorbed  during 
firing.  As  Figures  8-31  and  8-32  indicate,  the  predicted  heat  absorbed 
during  firing  is  higher  than  the  measured,  therefore  causing  the  predicted 
char  depth  to  be  larger  than  measured.  Also,  the  ablation  analysis  did 
not  include  the  highly  endothermic  carbon-silica  reaction.  The  heat 
absorbed  by  this  reaction  was  required  to  be  dissipated  by 
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FIGURE  8-36.  CHAR  GROWTH  VERSUS  CUMULATIVE  FIRING  TIME  FOR 
DEVELOPMENT  NOZZLE 
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virgin  pyrolysis  in  the  analytical  model,  resulting  in  a  conservative 
prediction  of  char  depth.  From  post-test  analysis,  the  char  was  found  to 
have  a  considerable  amount  of  SiC  indicating  that  this  reaction  should  be 
Included  in  the  analysis. 

8.5  ALUMINA  DEPOSITION 

Rocket  motor  nozzle  materials  performance  can  be  significant  and  advan¬ 
tageously  affected  by  alumina  deposition  since  the  nozzle  thermal  response 
of  an  aluminized  solid  propellant  rocket  motor  is  a  strong  function  of 
this  deposition.  This  relationship  between  alumina  deposit  and  thermal 
response  is  discussed  in  Paragraph  2.4  of  this  report.  A  physical  model 
was  developed  to  describe  deposition  behavior  by  utilizing  the  various 
test  data  of  this  program  coupled  with  laboratory  results  from  this  and 
prior  programs.  A  complete  description  of  the  model  is  presented  in 
Paragraph  2.4. 

The  primary  purpose  of  this  paragraph  is  to  correlate  results  of  the 
physical  model  with  the  semi-empirical  calculations  of  alumina  deposition 
as  determined  from  the  rocket  motor  and  development  test3.  The  latter 
calculations  are  derived  from  Equation  (3)  of  Paragraph  8.2.1,  and  are 
plotted  as  a  function  of  firing  time  for  the  edge  grained  pyrolytic  graphite 
rocket  motor  nozzles  in  Figures  8-38,  8-39,  8-40,  and  8-41.  Deposition 
for  those  rocket  motor  nozzles  having  tungsten  throats  (i.e.  tests  7,  8, 

12  and  13)  could  not  be  calculated  in  the  aforementioned  manner  since 
plastic  deformation  of  the  tungsten  throats  during  firing,  coupled  with 
the  throat  obtrusion  process,  masked  any  deposition  with  a  significant 
positive  APC  response.  Alumina  deposition  calculations  were  also 
impractical  on  nozzles  such  as  rocket  motor  test-14  where  many  short  cycles 
with  cooldown  periods  insufficient  to  obtain  throat  measurements  were 
employed. 

There  are  three  basic  factors  related  to  deposition  behavior  that  can 
be  aenuired  from  the  rocket  motor  tests.  These  are: 

(1)  Measurement  of  deposition  thickness  versus 
time  at  the  throat  utilizing  the  aforementioned 
technique 

(2)  Visual  observation  of  flow  separation  in  exit  cone 

(3)  Visual  observation  of  sparks  in  periphery  of 
the  plume. 
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RESTART  ROCKET  MOTOR  TEST  NO.  4 
(HEAT  TREATED  PYROLYTIC  GRAPHITE) 
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FIRING  TIMS,  t  (SEC)  -39  MILS  AT  60  SEC 


*10012  8-40.  NOZZLE  THROAT  RADIUS  CHANGE  VERSUS  FIRING  TIME 
RESTART  ROCK El  MOTOR  TEST  NO.  6 
(ANNEALED  PYROLYTIC  GRAPHITE) 
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As  can  be  seen  in  Figures  8-38  through  8-41 ,  there  ie  a  period  in  the 
firing  in  which  alumina  is  being  stored  at  the  throat  (increase  in 
deposit  thickness).  This  period  (defined  as  Period  1)  i»  shown  in 
Step  (3)  of  Figure  2-5.  Liquid  alumina  flows  from  the  entrance  section 
to  the  pyrolytic  graphite  insert  and  solidifies,  causing  a  mass  storage 
of  alumina.  The  mass  storage  period  is  followed  by  a  period  at  which  the 
alumina  mass  entering  the  throat  is  equal  to  the  mass  leaving  (defined 
as  Period  2) ,  the  length  of  this  period  being  dependent  on  the  upstream 
alumina  behavior  and  the  rate  at  which  solid  alir.in*  at  the  throat  is 
liquifying.  As  noted  in  the  deposition  figures,  Period  2  may  be  followed 
by  a  mass  loss  or  a  mass  stored  period  (defined  ae  Period  3).  period  3 
represents  Step  (4)  and/or  (5)  in  Figure  2-5  and  alternatives  1  and  2  of 
Paragraph  2.4.2a  may  apply;  that  is,  if  during  Period  3  mass  is  stored,  the 
mass  leaving  the  entrance  is  transient  in  tho  positive  sense.  This  may 
be  caused  by  (1)  an  increased  impingement  rite,  (2)  by  tn  increased 
liquification  rate,  and/or  (3)  increasing  local  wall  shear  in  the  entrance 
or  upstream  throat  insert  sections.  The  depletion  of  mass  in  Period  3 
is  caused  by  an  increase  in  local  solid  liquification  rate  and/or  a 
decrease  in  upstream  mass  flow.  If  Period  3  is  a  mass  .loss  situation, 

Step  (5)  of  Figure  2-5  follows;  whereas,  if  Period  3  is  a  mass  storage 
situation,  Period  2  follows. 

* 

When  the  nozzle  undergoes  pulsing,  the  deposit  behavior  is  described  by 
alternatives  3  and  4  of  the  physical  model  (Paragraph  2.4.2)  since  entrance 
surface  regression  may  be  experienced  during  the  previous  pulse  and/or 
an  initial  deposit  may  be  prestut  during  start  up.  By  comparing  total 
deposit  present  on  the  throat  (J£  *dt)  ,  Figure8-42,  it  can  be  seen  that  as 
the  number  pulses  increases,  £  t  increases.  This  effect  can  be  attributed 
to  surface  regression  and/or  l..*cial  deposit  "seeding”  at  start  up.  That 
peculiar  decrease  in  JJf  6dt  for  Cycle  2  of  the  heat  treated  pyrolytic 
graphite  nozzle  is  a  result  of  an  early  throat  regression  during  this  cycle. 
The  reason  for  the  regression  is  unexplainable,  and  therefore  f\  <5dt  for 
Cycle  2  of  rocket  motor  test  4,  as  shown  in  Figure  8-42,  must  be  considered 
a  questionable  data  point. 

The  effect  of  throat  insert  material  on  the  deposit  behavior  is  clearly 
evident  in  Figure  8-42  ,  where  it  is  shown  that  as  the  gas  side  surface 
material  thermal  conductivity  increases,  total  deposition  also  increases. 
That  is,  the  heat  conducted  away  from  the  deposit  is  dependent  on  the 
thermal  conductivity  of  the  surface  material  and  interface  contact 
resistance.  Therefore,  as  the  thermal  conductivity  of  the  surface  material 
increases,  the  heat  and  thus  time  required  to  melt  the  deposit  also 
increase. 
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The  effect  of  pyrolytic  graphite  stack  thickness  upstream  of  the  throat, 
i.e.,  entrance  section  location  of  pyrolytic  graphite-ATJ  interface,  can 
be  found  by  comparison  of  Figure  8*41  with  the  initial  pulses  of  Figures 
8*38  ,  8-39,  and  8-40.  The  transient  deposition  thickness,  the  / &  6dt, 
and  the  tine  of  deposit  removed  are  all  greater  for  nozzles  shown  in 
Figure  8-41,  than  the  comparable  nossles  having  smaller  pyrolytic  graphite 
throats  axially  (Figures  8-38  through  8-40).  This  may  be  explained  with 
reference  to  Step  (3)  of  Figure  2.5  .  From  Step  (3),  it  can  be  seen  that 
the  deposit  thickness  is  very  dependent  on  the  pyrolytic  graphite  location 
(thermal  conductivity  of  pyrolytic  graphite-ATJ).  The  presence  of  pyrolytic 
graphite  at  high  inlet  area  ratios  provides  both  a  larger  distance  over 
which  the  impingement  may  be  experienced  and  also  a  greater  heat  sink 
effect.  That  is,  with  pyrolytic  graphite  at  large  area  ratios  where  the  heat 
flux  is  small,  a  significantly  longer  time  is  required  to  melt  the  deposit 
than  if  the  pyrolytic  graphite  were  replaced  with  ATJ.  The  deposition 
resulting  in  second  and  third  pulses  (when  applicable)  of  Figures  8-38  , 

8-39,  and  8-40  are  Influenced  by  the  previous  pulses  (i.e.,  surface  regres¬ 
sion  and  initial  deposition)  and  therefore  are  not  included  in  the  above 
correlation. 

Deposition  calculations  were  also  made  for  development  test  3,  Cycle  1 
for  comparison  with  Figures  8-38  through  8-41.  This  deposition  is  plotted 
as  a  function  of  time  and  is  shown  in  Figure  8-3  of  Paragraph  8.2.1,  No 
deposition  calculations  were  possible  for  the  demonstration  nozzle  due  to 
a  masking  of  the  deposition  by  nozzle  throat  erosion. 
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SECTION  9 

CONCLUSIONS 


(U) 


The  objectives  of  this  program  were  to  lefine  and  investigate 
associated  with  restirtabie  solid  propellant  rocket  nozzles, 
were  to  be  investigated  analytically  and  experimentally,  with 
to  be  attained  from  nozzle  firings.  The  scope  of  the  program 
to  a  first  effort  in  the  investigation  of  restartable  nozzles 


the  problems 
The  problems 
ver i f ication 
was  limited 


9.1  (C)  SUMMARY  OF  RESULTS 


The  major  achievements  deal  with  an  increase  in  the  understanding  of  material 
behavior  and  the  development  of  analytical  techniques  for  predicting  nozzle 
responses.  Initially  in  the  program,  some  potential  problem  ireas  were 
outlined  for  investigation.  These  problems  were  those  associated  with  restart 
operation  without  the  benefit  of  any  prior  detail  investigation.  As  such, 
several  of  these  problem  areas  were  found  to  be  nonexistent: 

(U)  (1)  Adverse  radial  temperature  gradients  during 

cooldown  and  restart  to  impose  more  severe 
thermal  stresses. 

(C)  (2)  The  requirement  for  springs  or  other  devices 

for  edge  grain  pyrolytic  graphite  throat  sec¬ 
tions.  After  examination  of  nozzles  after 
several  restarts,  the  use  of  these  devices 
was  unnecessary, 

(C)  (3)  The  cooldown  scchant  sm  of  the  nozzle  .. fter 

firing  v’s  found  to  be  chiefly  by  conduction 
and  convection  caused  by  pyrolysis  (ablation) 
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of  the  insulation  materials.  In  the  throat 
and  entrance  section,  this  is  the  principle 
cooldown  mechanism  with  rcdiation  being  an 
order  of  magnitude  less. 

(U)  (4)  The  behavior  of  alumina  deposits  was  an  ini¬ 
tial  problem  area.  This  was  effectively 
studied  in  both  the  laboratory  and  in  the 
rocket  motor  tests.  The  detailed  phenomena 
of  deposition  is  still  not  understood.  How¬ 
ever,  the  behavior  of  deposits  on  the  nozzle 
an1  their  influence  of  duty  cycles  vas 
studied.  Also,  in  atmospheric  firings,  it 
was  found  that  hydrolysis  of  the  deposit  aids 
in  its  removal.  The  consequence  of  space 
environment  testing  (vacuum)  is  not  known. 

(U)  (5)  The  result  of  repeated  thermal  loading  on 
materials  properties  was  studied.  No 
adverse  changes  in  polycrystalline  and 
pyrolytic  graphite  were  encountered. 

Heat  treatment  and  annealing  of  pyrolytic 
graphite  appears  to  aid  nozzle  performance; 
however,  the  data  are  meager  and  not  con¬ 
clusive  at  this  time. 

(U)  Other  studies  were  made  as  the  program  progressed  and  new  problem  areas 
uncovered.  Materials  investigations  produced  data  on  tungsten-carbon 
reactions.  Above  2475°C,  incongruent  melting  occurs  between  tungsten  and 
carbon.  The  solubility  of  carbon  in  the  melt  is  high,  and  only  a  small 
amount  of  carbon  is  required  to  maintain  a  liquid.  The  use  of  a  diffusion 
barrier  appears  to  be  promising.  The  first  data  on  the  high  temperature 
c-direction  compressive  deformation  of  pyrolytic  graphite  were  generated 
in  this  program.  Large  permanent  deformations  occur  above  2600°C  under 
stresses  as  low  as  7000  psi  in  very  short  times.  Studies  were  made  on  the 
effect  of  tungsten  grain  growth  on  elastic  properties.  For  the  materials 
used,  there  appeared  to  be  a  degradation  in  tensile  strength  with  increasing 
grain  size  (caused  by  thermal  cycling) ,  while  the  elastic  modulus  and  coef¬ 
ficient  of  thermal  expansion  are  not  significantly  altered  over  a  wide 
range  of  grain  size.  However,  it  should  be  pointed  out  that  this  reduction 
may  have  been  caused  by  segregation  of  impurities  from  the  grains  co  the 
grain  boundaries.  All  specimens  exhibited  intergranular  fracture,  implying 
brittle  behavior.  The  effects  of  working  and  grain  boundary  impurities 
were  not  studied,  and  the  only  correlation  made  was  with  grain  size  as 
a  variable.  The  reader  should  not  assume  from  these  studies  and  results 
t  .at  grain  size  alone  can  determine  the  elastic  properties  of  tungsten. 
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(C)  The  radiation,  conduction  (soak  back),  ablation  and  convective  (pyrolysis 
g**  Clow)  modes  of  nossle  cooldown  were  analysed  In  order  to  predict  thermal 
transients  and  ablative  cnar  growths  in  reatartable  nossles.  It  was  found 
that  tx.e  principal  mod 6  of  cooldown  for  the  throat  Insert  was  that  of  able* 
tion  while  radiation,  depending  on  the  exit  area  ratio,  is  an  order  of  mag* 
nltude  lower.  The  radial  temperature  gradients  in  the  throat  Insert  during 
cooldown  are  very  small.  As  a  result,  the  thermal  loading  is  also  quite 
small.  The  exit  cone  eooldovt  la  due  mainly  to  radiation  to  space,  whereas 
the  entrance  section  benefits  largely  from  ablation,  with  radiation  compar- 
able  to  ablation  during  th.  first  2  to  4  minutes  after  shutdown.  The 
effects  of  alumina  deposition  on  the  nozzle  throat  during  firing  have  been 
investigated,  cud  it  was  found  that  an  analysis  neglecting  alumina  Is  appli- 
cable  at  firing  tim-  s  v^ater  than  30  seconds  for  a  5/fl-inch  ID  pyrolytic 
grepi .  £  insert.  ,%l  times  less  than  30  seconds  the  difference  in  surface 
t  -aperature  hy  negler-.,.  5  and  including  alumina  deposits  is  of  the  order 
of  1000°F.  These  «j;me  snatyses  may  be  employed  to  determine  similar 
efforts  for  larger  size  nozzles.  However,  the  difference  is  expected  to 
decrease  with  Inc*. sing  nozzle  scale.  These  thermal  analyses  result  in 
duty  cycle  limitations  of  various  nozzle  configurations  and  in  curves 
directly  applicable  to  nozzle  design. 

> 

(U)  In  the  structural  analysis,  simple  methods  have  been  developed  for  predicting 
the  elastic  behavior  of  nozzle  inserts.  Failure  is  based  on  brittle  tensile 
ractura  originating  at  the  outer  surface  of  the  insert  or  on  spallation 
at  the  inne_  surface.  The  effects  of  outer  surface  restraint  to  thermal 
growth  ami  of  internal  pressure  have  been  included.  The  effects  of  restraint 
can  be  quite  ignificant  while  the  effects  of  internal  pressure  are  so 
small  that  they  easily  become  lost  in  the  scatter  of  data.  An  analysis  for 
predicting  tn*  fi*istence  and  locations  of  plastic  zones  within  th*  nozzle 
inserts  hr  been  developed.  It  is  possible  to  get  plastic  zones  to  oxist 
for  some  depth  at  the  inner  and  outer  surfaces  of  the  insert.  It  appears 
that  it  is  impossible  to  achieve  an  interior  plastic  zone  or  to  make  the 
two  surface  zones  join.  Large  contact  stresses  are  possible  between  washers 
which  make  up  the  nozzle  insert.  These  stresses  are  highest  at  the  inner 
surface  of  the  insert  during  firing.  This  is  also  the  hottest  portion  of 
the  nozzle,  and,  as  a  rv.ult,  plastic  deformation  can  occur  in  this  region. 
The  important  factors  which  must  be  considered  in  thermal  fatigue  of  the 
refracto'  /  nozzle  materials  have  been  delineated.  Corrosion  initiated 
cracking  appears  to  .  a  p^tentia1  problem  for  restartable  nozzles. 

(C)  The  inclusion  of  the  changes  of  tungsten  properties  with  grain  growth  due 
to  thermal  cycling  leads  to  the  prediction  that,  without  considering  the 
constraint  provided  by  the  backup  structure,  a  tungsten  insert  will  fail 
after  only  slight  grain  growth.  There  is  a  small  probability  of  the  tungsten 
surviving  the  second  application  of  the  maximum  thermal  loading. 
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(C)  It  has  been  determined  that  starting  (firing)  from  the  initial  cond  tion  of 
uniform  ambient  temperature  provides  the  most  severe  thermal  loading.  A 
restart  from  any  cooldown  temperature  distribution  is  less  severe  as  far  as 
thermal  loading  is  concerned. 

9.1.1  (U)  ASSESSMENT  OF  CURRENT  RESTART  ANALYTICAL  CAPABILITY 

(U)  It  may  be  generally  concluded  that  the  state  of  the  art  of  restartable 

nozzles  has  been  greatly  advanced  even  though  there  remain  many  unanswered 
questions.  Any  assessment  of  restart  analytical  capability  must  be  tempered 
with  an  understanding  that  there  is  an  uncertainty  in  the  precision  of 
material  properties,  both  thermal  and  mechanical.  The  ability  of  an  analysis 
to  predict  the  behavior  of  hardware  is,  of  course,  directly  related  to  the 
accuracy  of  these  properties. 

(U)  The  capability  for  analyzing  corrosion  is  poor.  This  is  true  not  only  or 
restartable  but  also  for  single  firing  nozzles.  From  the  test  results 
obtained,  some  empirical  data  on  corrosion  rates  have  been  compiled.  But 
these  daca  must  be  restricted  tc  the  chemistry,  temperature,  and  times  for 
which  they  were  gathered  and  contain  no  fundamental  information  such  as 
reaction  rates  with  particular  species. 

(U)  Thermal  analytical  capability  is  very  good.  Techniques  for  handling  the 
various  modes  of  heating  and  cooling  are  available.  The  ability  to  treat 
tfie  effects  of  ablation  of  the  insulators  and  the  pyrolysis  gases  as  they 
influence  the  thermal  behavior  exists.  From  these  analyses,  not  only  can 
the  temperature  history  of  a  nozzle  be  determined,  but  they  can  also  be 
used  for  predicting  heat  sink  capacity  requirements,  insulation  require¬ 
ments,  and  time  restrictions  on  duty  cycles. 

(U)  Structural  analytical  capability  is  considered  to  be  good  although  many 
areas  remain  to  be  investigated.  Brittle  tensile  fracture  on  the  outer 
insert  surface  or  spallation  on  the  inner  surface  can  be  simply  predicted. 
Stacked  PG  washers  can  be  analyzed.  This  is  a  significant  contribution  to 
the  state  of  the  art.  The  existence  and  location  of  plastic  zones  can  be 
predicted.  However,  the  residual  state  of  stress  after  removal  of  load 
cannot  be  assessed. 

9.1.2  (C)  ASSESSMENT  OF  CURRENT  RESTART  CAPABILITY  WITH  MATERIALS  INVESTIGATED 

At  this  time,  the  restart  capability  of  several  materials  of  Interest  to 
nozzle  systems  can  be  inferred.  For  insulation  material,  no  current  limi¬ 
tations  exist.  The  basic  requirement  is  a  low  char  rate,  which  asbestos 
phenolic  and  low  resin  silica  phenolic  possess.  However,  some  r.ew  resin 
systems  which  are  thermally  stable  to  higher  temperatures  may  provide 
improved  performance.  A  very  strong  virgin  material  and  strong  char  are  the 
structural  requirements,  and  the  above  materials  are  adequate  in  this  regard. 
Thus,  it  may  be  assumed  that  the  restart  capability  of  these  materials  is 
very  good. 
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(C)  Polycrystalline  graphite  used  in  the  entrance  section  cannot  be  considered 
as  adequate,  structurally,  for  restart  applications.  To  date,  it  has  shown 
poor  performance.  However,  carbon  and  graphite  cloth  phenolic  have- shown 
good  structural  performance  at  the  expense  of  increased  erosion.  The 
erosion  resistance  of  these  materials  is  not  so  good  as  the  graphites. 

Another  consideration,  however,  is  the  cooldown  of  the  entrance.  In  this 
respect,  the  reinforced  phenolics  appear  to  be  more  efficient  than  the 
graphite  system.  This  efficiency  decreases  after  several  restarts,  since 
the  char  layer  of  these  moderately  conducting  materials  becomes  quick  thick. 
Although  the  aame  material  systems  as  applied  to  the  inlet  were  used  in 
the  exit  cone  of  the  nozzle,  th*  performance  was  much  better.  Polycrystal¬ 
line  graphite  can  be  used  downstream  of  the  throat  section  very  adequately 
for  its  good  erosion  resistance.  Carbon  cloth  phenolic  appears  to  be  an 
excellent  material  for  large  area  ratios.  There  do  not  appear  to  be  restart 
limitations  on  these  materials  when  applied  to  the  exit  cone. 

(C)  Polycrystalline  graphite  as  a  throat  material  is  limited  to  short  pulses, 
of  the  order  of  four  to  six  seconds  with  adequate  cooldown  between  pulses 
in  this  environment.  Except  for  its  poor  resistance  to  corrosion,  it 
appears  to  have  no  particular  restart  limitation.  However,  grain  boundary 
corrosion  could  lead  to  cracks  which  may  induce  thermal  fatigue  failure 
since  all  of  the  thermal  cycling  is  done  in  the  brittle  range  for  this 
material.  Pyrolytic  graphite,  when  used  in  the  edge  grain  configuration, 
is  an  excellent  material  and  has  no  particular  limitation  except  cftsmical 
corrosion.  This  limits  it  to  firing  times  in  a  duty  cycle  of  less  than 
60  seconds.  For  these  long  firing  times,  surface  regression  can  become 
a  problem  and  gapping  due  to  surface  plastic  deformation  can  induce  sub¬ 
sequent  surface  loss  on  restart.  Changes  in  the  materials  properties  during 
firing  and  soak  down  are  currently  not  known.  However,  the  use  of  partially 
transformed  (heat  treated)  and  fully  transformed  (annealed)  material  have 
shown  excellent  results  in  nozzle  firings, 

(C)  For  tungsten,  there  is  the  possibility  of  fracture  after  a  small  number  of 
pulses  due  to  the  property  changes  which  occur  during  thermal  cycling.  It 
has  excellent  erosion  resistance;  however,  dimensional  changes  during  long 
firings  and  carbon  diffusion,  while  hot,  can  seriously  limit  its  applicability. 
Leakage  behind  the  insert,  especially  after  several  firings,  is  also  a 
limitation.  Little  is  currently  known  about  its  thermal  fatigue  behavior. 

Thus,  compared  to  the  polycrystalline  graphite  for  short  times  and  pyrolytic 
graphite  for  firing  times  up  to  60  seconds,  tungsten  has  some  serious 
restart  limitations. 

9.2  ^C)  RESIDUAL  PROBLEM  AREAS 

In  discussing  further  x*ork,  problems  exist  which  would  increase  both  the 
breadth  and  depth  of  the  investigation. 
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(C)  There  definitely  exists  a  strong  need  for  further  work  in  the  materials 
.  area.  This  includes  both  the  generation  of  materials  property  data  as 
well  as  the  behavior  characteristics  of  candidate  materials.  What  happens 
when  very  large  tungsten  grains  are  grown?  The  data  presented  show  that 
the  modulus  of  elasticity  starts  dropping  at  a  certain  grain  size.  Is 
it  possible  that  the  modulus  will  drop  so  low  at  very  large  grain  size 
that  the  structural  response  will  be  even  less  than  the  lowered  strength 
of  the  material?  Even  more  basic,  what  is  the  influence  of  grain  boundary 
contamination  on  elastic  properties  as  a  function  of  grain  size? 

(G)  Restart  tests  have  indicated  that  tungsten  is  a  primary  candidate  for  a 
throat  material.  Design  optimization  geared  toward  elimination  of  insert 
backside  gas  leakage,  inhibition  of  the  tungsten-carbon  backside  reaction, 
and  a  retardation  of  the  obtrusion  process  is  paramount.  The  obtrusion 
process  will  in  all  probability  be  eliminated  if  the  first  two  problems 
are  satisfactorily  solved. 

(U)  Experimental  data  is  needed  to  determine  the  erosion  threshold  of  the  tung¬ 
sten.  This  has  been  done  by  analytical  techniques  which  predict  the  time 
at  which  the  tungsten  flamefront  temperature  surpasses  its  melting  point, 
but  no  experimental  data  to  corroborate  this  exist  since  no  tungsten  throat 
regression  was  achieved  in  the  restart  tests. 

(U)  Carbide  formation  and  melting  and  the  effective  ess  of  diffusion  barriers 
for  tungsten  in  a  restart  situation  needs  further  investigation. 

(U)  A  wide  field  of  investigation  exists  for  pyrolytic  graphite.  Heat  treat¬ 
ment  and  annealing  bring  about  alterations  of  the  material.  These  changes 
related  to  degree  and  method  of  treatment  are  not  understood  and  need 
further  investigation.  A  further  investigation  is  indicated  to  determine 
the  relative  performances  of  annealed,  stress  relieved,  and  as-deposited 
pyrolytic  graphite.  At  present,  only  an  analytically  predicted  performance 
comparison  can  be  made  based  on  relative  thermal  and  structural  properties. 
Actual  test  results  to  date  under  controlled  and  comparable  conditions  are 
of  a  quantity  insufficient  to  substantiate  any  analytical  hypotheses. 

(C)  Techniques  for  machining  annealed  pyrolytic  graphite  must  be  developed 
if  it  is  to  be  considered  further  as  a  nozzle  throat  material.  Present 
methods  are  entirely  inadequate.  A  detailed  laboratory  evaluation  of  the 
physical  and  thermal  characteristics  of  the  pyrolytic  graphite  in  the 
annealed  state  is  desirable,  both  for  a  corroboration  of  what  little  work 
has  been  done  in  the  past  on  this  material  and  as  a  basis  for  evaluation 
with  the  other  forms  of  pyrolytic  graphite. 

OU)  The  c -direction  compressive  deformation  of  pyrolytic  graphite  needs  addi¬ 
tional  investigation  to  extend  the  present  data.  Higher  temperatures 
achieved  at  higher  heating  rates  coupled  with  higher  stressed  applied  at 
the  instant  of  attainment  of  test  temperature  should  be  included  in  such 
an  extension. 
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(C)  Other  materials  should  be  examined.  Boron  pyrolytic  graphite,  doped  tung¬ 
sten,  and  tungsten  alloys  should  be  investigated  £or  their  potential  appli¬ 
cation  to  restartable  solid  rocket  noscles. 

(U)  Alumina  deposition  and  removal  is  an  urgent  area  for  further  work.  The 
problem  is  complicated  because  not  only  alumina  is  involved.  Aluminum 
carbide  exists  at  the  surface  of  at  least  the  carbonaceous  materials  and 
probably  to  soma  degree  at  the  surface  of  tungsten.  This  is  covered  by 
a  thin  layer  of  aluminum  oxy-carbldes,  and  the  alumina  deposit  lies  on  this 
layer.  The  stability  of  the  oxy-carbldes  is  an  important  factor  in  this 
total  deposit.  Also,  the  Influence  of  the  environment  should  be  studied. 

4l)  Refinement  is  needed  in  the  analysis  of  the  convecti  e  cooldown  due  to 
the  ablation  pyrolysis  gases.  An  Improvement  is  needed  in  determining 
the  gas  tem -  i.’t  in  the  chamber  as  a  function  of  time,  both  during 
firing  cooldown.  Since  the  convection  is  a  major  mechanism  in 

the  cc  nossle,  errors  in  the  convention  calculation  can  cause 

cons!  in  the  cooldown  time. 

(C)  Rros lon-cwt ton  and  ablation  of  the  surface  materials  need  to  be  under¬ 
stood.  Knowledge  in  this  sres  is  presently  limited.  This  knowledge  is 
needed  not  only  to  predict  surface  regress  or,  but  also  to  predict  the 
heat  which  is  carried  away  by  the  material  lost.  This,  of  course,  affects 
the  accuracy  of  the  thermal  analysis. 

(C)  Thermal  contact  resistance  between  nossle  components  influence  the  tem¬ 
perature  history  of  the  nossle.  These  contact  resistances  are  not  well 
known.  They  must  change  during  firing  as  thermal  expansion  and  pressure 
loads  change  the  contract  preenures  between  components.  They  must  also 
change  during  cooldown,  and  what  Is  th«  effect  on  subsequent  restart? 

For  thin  sections  exposed  to  the  flame,  these  contact  resistances  have 
a  great  Influence  on  the  temperatures  of  these  sections. 

(U)  N™ed  exists  for  the  improvement  in  material  property  data.  It  must  be 

realised  that  reproducibility  of  material  is  a  major  factor.  The  lack  of 
industry-wide  standards  as  well  as  the  difficulty  of  production  of  con¬ 
sistent  material  by  a  single  manufacturer  are  fcctors  which  must  be  con¬ 
sidered  when  assessing  the  applicability  of  published  material  data.  The 
ability  of  an  analysis  to  predict,  behavior  of  a  piece  of  hardware  is  no 
better  than  the  properties  used. 

(0)  Time  dependent  structural  behavior  should  be  Investigated.  The  deformations 
which  occur  and  the  resulting  residual  stress  distribution  which  exists 
at  time  of  restart  should  be  analysed  and  experimentally  verified. 

(U)  Thermal  fatigue,  including  the  effects  of  corrosion  induced  cracks,  should 
be  investigated. 
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(C)  The  failure  of  graphite  entrance  sections  to  perform  adequately  after  several 
restarts  remains  a  large  problem  area.  Also,  the  structural  analytical 
capability  in  this  region  of  the  nozzle  is  poor.  Further  efforts  are 
required  in  both  areas. 
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APPENDIX  A 

CONVECTION  HEAT  TRANSFER 

A  1  BOUNDARY  LAYER  SOLUTION 

The  presently  operating  numerical  routine  is  an  adaption  of  the  analysis  of 
Reference  A.!  which  employs  the  integral  equations  of  momentum  and  thermal 
eaergy  written  in  the  form 

Moment mb 


A- 1 


where 


and 


Cf  Is  che  turbulent  ekin  friction  coefficient  2  Tw/pe  u. ;  is  the  Stanton 
nuaber  qw//^  ue  (H  -  H^J  ;  ^  is  the  heat  flux  per  unit  area:  H  is  the 
total  enthalpy  (u2  +  V2)/2  +  f  Cjht;  Haw  -  He  -  (1  -  rfc)  (u|  +  V|)/2;  \ 
is  the  recovery  factor;  r  is  the  local  nosale  vail  radius;  y  is  the  distance 
perpendicular  to  the  nozzle  surface;  u  is  the  velocity  component  parallel 
to  the  nozzle  surface;  Z  is  the  distance  along  the  nozzle  centerline;  and 
p is  the  fluid  density.  t,  the  location  of  the  outer  edge  of  the  thermal 
boundary  layer,  is  allowed  to  differ  from  6,  the  location  of  the  edge  of 
the  velocity  boundary  layer.  It  is  implicitly  assumed  that  A  >6,  which 
is  the  normal  case  when  Pr<1.0.  The  "e"  subscript  denotes  an  inviscid 
stream  condition.  To  include  thermochemistry  effects,  it  is  noted  that  the 
use  of  enthalpy  rather  than  temperature  as  a  fundamental  dependent  variable 
is  made  throughout,  contrary  to  Reference  A. 1 . 

To  determine  the  0,  0,  and  b*  thicknesses,  it  is  necessary  to  assume  values 
of  u/ug  and  (H  -  By) / (Re  -  H)  as  a  function  of  y  and  a  suitable  denaity- 
erthalpy  relation.  The  profile  assumptions  made  in  Reference  A.l,  and 
retained  in  the  present  calculations,  are  that 


where  n  ■  1/7  for  both  profiles.  The  program  is  designed  to  employ  different 
values  of  n,  if  desired.  These  assumptions  are  strictly  accurate  only  in 
the  case  of  a  smooth,  nonporous  wall  with  a  zero  pressure  gradient,  unity 
Prantdi  number,  and  «jg  X/ve 

As  was  discussed  in  Paragraph  2.1.2,  a  linear  density-enthalpy  relation  of 
the  form 


■*  ^  1* =  X b;A: ) 

is  assumed.  The  viscosity  is  represented  by 

u.  .  ««.  (> 

S  /  \W-Hr •/ 

where  CD  *  0.60.  Hr  Is  an  enthalpy  factor  which  facilitates  an  accurst* 
viscosity  fit. 


A-2 


The  turbulent,  skin  friction  coefficient  expressions  employed  in  Reference  A.l 
ere  related  to  the  experimental  expressions  derived  by  Coles  (see  Reference  A. 2 
for  a  summary  of  his  work)  from  adiabatic  supersonic  flat  plate  data.  The 
adiabatic  (no  wall  heat  transfer)  skin  friction  relation  is  written  as  a 
function  of  a  "sublayer  temperature"  defined  by 


the  Cf  (equivalent  to  the  incompressible  coefficient),  being  related  to  the 
Cf  adiabatic  by  a  relation  involving  the  density 'Viscosity  product.  The 
is  a  complicated  function  of  the  momentum  (or  energy)  thickness  Reynolds' 
number,  the  functional  form  depending  on  the  Reynolds'  number  range  under 
consideration.  Once  the  adiabatic  skin  friction  value  is  obtained,  it  is 
necessary  to  determine  the  actual  skin  friction  -  with  heat  transfer  by  a 
further  asstaaption.  The  analysis  of  Reference  A.l  chooses  to  present  two 
options:  (1)  the  skin  friction  value  for  a  nonadiabatic  wall  equals  the 
adiabatic  wall  value,  and  (2)  the  nonadiabatic  wall  is  determined  from  the 
incompressible  value  by  the  arithmetic  mean  temperature  relation 


where  ®  is  the  viscosity  power  (Eqvatior.  (A. 5)).  The  first  option,  although 
relatively  accurate  for  heated  air  nossle  flows,  is  quite  bad  for  the  cor- 
relation  of  liquid  propellant  (H2Q4  -  H2H4)  n°a*le  heat  transfer.  It  may 
be  Inferred  that  the  situation  for  even  higher  temperature  solid  propellants 
would  not  improve.  The  second  option  (Equation  A.7>)  seems  to  be  somewhat 
more  accurate  than  the  first  when  correlating  liquid  propellant  motor  tests; 
however,  the  experimental  beat  flux  in  tha  region  near  the  throat  (see 
Reference  A.l,  page  27)  la  still  significantly  higher  than  the  theoretical 
value. 

The  applicability  to  high  temperature  noaxle  flows  of  the  skin  friction 
laws  employed  in  Reference  A.l  may  be  questioned  on  two  counts.  The  first 
uncertainty  la  whether  high  temperature  thermochemistry  flows  may  be 
represented  by  the  above  skin  friction  model  which  was  empirically  defined 
by  testing  of  a  thermally  and  calorlcelly  perfect  gas  air  stream. 

Equation  (A. 6)  may  be  "generalised"  by  writing  h  (enthalpy)  instead  of  T, 
keeping  toe  form  of  tha  equation  unchanged;  however,  the  correctness  of  this 
substitution  is  definitely  open  to  question.  The  suitability  of  Equation  (A. 7) 
is  questionable  because  it  ignores  the  effect  of  scream  kinetic  energy  on  the 
skin  friction  value  (which  is  relatively  small  up  to  tha  throat  but  does 
Increase  in  importance  in  the  supersonic  expansion  region). 


Another  complaint  which  may  be  raised  concerns  che  excessive  complexity  of 
the  incompressible  skin  friction  versus  Reynolds'  number  expressions  used 
in  Reference  A.l;  such  complexity  is  not  warranted  because  of  the  empirical 
nature  of  the  theory  with  attendant  data  scatter. 

It  was  decided,  therefore,  to  employ  a  simpler  incompressible  skin  friction 
versus  Reynolds'  number  relation  and  couple  this  to  an  incompressible-to- 
compresaible  skin  friction  transformation  based  on  the  reference  enthalpy 
idea. 


The  incompressible  skin  friction  law  derived  in  this  contract's  wot.,  is 
written  as  (see  Figure  A-l) 


(A.  8) 
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Rg  is  the  momentum  thickness  Reynolds'  number  pe  ue^/«e.  The  a and  /3 
coefficients  accurately  fit  the  implicit  skin  friction  correlation  given 
for  zero  lowing  oy  Sivells  and  Payne  (Reference  A.i).  It  js  of  some  interest 
to  note  that  Spence  (Reference  A.4)  has  also  shown  that  a  power  law  of  this 
form  with  coefficients  of  similar  magnitude  will  follow  from  certain  velocity 
power  law  and  boundary  layer  substructure  assumptions. 


The  reference  enthalpy  concept  states  that  skin  friction  in  a  compressible 
flow  may  be  represented  by  a  suitable  incompressible  expression  with  the 
enthalpy 'related  quantities  evaluated  by  using 

t*  *s  ,  5  1  h  .  +  +  |  H tw  "*  \\^  ^  (A.*) 

h*  is  colv  a  function  of  the  dis  ence  along  the  nozzle  surface;  i.e.,  h  is 
constant  throughout  t!  a  boundary  layer  thickness  at  a  particular  downstream 


location.  Although  this  relation  was  originally  derived  to  correlate 
theoretical  laminar  flat  plate  calculations  (Reference  A. 5 ) ,  it  seems  to 
have  a  tide  range  of  validity,  as  is  evident  by  its  successful  application 
over  a  .Large  temperature  range  to  both  laminar  and  turbulent  boundary  layers, 
with  and  without  wall  heat  transfer.  The  reason  for  its  applicability  to 
turbulent  boundary  layer  flow  is  suggested  by  the  analysis  of  Jurggraf 
(Reference  A. 6) ,  who  derived  a  relatJon  for  temperatrre  similar  to  Equa¬ 
tion  (A. 9)  by-  assuming  that  the  characteristic  temperature  for  turbulent 
flow  is  the  value  at  the  edge  of  the  laminar  sublayer.  Assuming  that  the 
idealization  of  dividing  the  boundary  layer  into  a  laminar  sublayer  and 
turbulent  outer  layer  is  valid,  this  finding  gives  some  support  to  the 
reference  temperatuie  or  enthalpy  expression.  It  should  also  be  mentioned 
that  Spence  (Reference  A. 4)  showed  that  employement  of  the  reference  enthalpy 
expression  in  the  ueiermination  of  the  reference  density  p*  involved  in  the 
coordinate  transformation 


reduced  a  wide  range  of  experimental  compressible  flow  velocity  profiles 
u/ue  =  f  (y/5)  to,  very  closely,  a  single  profile  u/ue  =  g  (y/6) .  Because 
the  specification  of  a  proper  reference  condition  amounts  to  the  shrinking 
of  a  large  field  of  compressible  skin  friction  versus  Reynolds'  number, 

Mach  number,  and  wall  temperature  values  to  a  single  incompressible 
Reynolds'  number  dependence,  it  is  seen  that  Equation  (A. 9)  has  a  definite 
pragmatic  value.  Any  theoretical  extension  to  flows  with  wall  blowing  and 
roughness  would  necessitate  a  complete  re-evaluaticn  of  this  procedure, 
however.  As  shown  by  Tetervin  (Reference  A.  7)  evaluation  of  tba  compressible 
skin  friction  employing  the  incompressible  expression  can  be  achieved  by 


to 


Equation  (A. 8) 

from 

C*  | 

ffeI  ^e. 

.  <^x 

1  ^ex  J 

o<  j 

I  p*  V.  -v  y 

<4(6  \ 

- / 

4  rpj 

(A. 11) 


where-©*  =  (pe/p*) 0  .  This  direct  transformation  holds  for  a  general  flow 
with  free  stream  gradients,  a  range  of  applicability  which  is  not  obvious 
from  the  usual  means  of  derivation  (transformation  back  and  forth  between 
flat  plate  Cf/2  dependencies  on  Rx  and  Rg)  , 
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Employment  of  Equation  (A.4)  enables  Equation  (A. 11)  to  be  written  as 


caMMi-rrr 

(■•/£* +  ('  -  fe/e-X-^rTc) 


(A.  12) 


This  is  the  relationship  employed  in  the  numerical  program.  The  a,  /3  values, 
which  are  applicable  over  discrete  ranges  of  Rg^,  are  assumed  to  be  applicable 
over  the  same  ranges  of  Rg. 

The  Stanton  number  employed  in  the  energy  integral,  C^,  is  determined  from 
Von  Karman's  relation  (Reference  A. 8) 


_ <^U _ 

i  +  5  ( cf  /*J'/a  (?P  - 1  +  [i  -»■  s/4  fry-Oj 


(A. 13) 


Pr  is  the  Prantdl  number  /Li  C  /K.  This  relationship  was  employed  in 
Reference  A.l  and  is  considered  as  good  as  any  in  representing  Reynolds' 
analogy  between  skin  friction  and  heat  transfer. 

The  actual  routine  in  which  Equations  (A.l)  and  (A. 2)  are  integrated  was 
left  unchanged  from  the  method  employed  in  Reference  A.l.  This  method  is 
an  adaption  of  the  Adams -Moulton  method  for  the  simultaneous  solution  of 
several  ordinary  differential  equations.  The  various  integrals  employed  in 
the  analysis  (displacement  thickness,  etc.), are  the  same  as  in  Reference  A.l 
except  for  differences  caused  by  using  an  arbitrary  n  (velocity  distribution 
power)  rather  than  1/7,  and  the  density-enthalpy  relation  of  Equation  (A.4) 
rather  than  the  thermally  perfect  density-temperature  equation  p/Pe  =  Te/T. 
The  process  of  integration  of  the  conservation  equations  at  a  particular 
axial  location  is  considered  complete  when  the  ratio  of  the  thermal  to 
velocity  boundary  layer  thicknesses  converges  tc  a  particular  value.  The 
integration  technique  was  carried  out  in  a  machine  language  subroutine  (FAP) 
rather  than  in  FORTRAN,  thus  preventing  changes  in  the  solution  system  and 
requiring  some  care  in  making  modifications  to  the  rest  of  the  program. 

Solution  of  Equations  (A.l)  and  (A. 2)  is  carried  out  coupled  with  a  deter¬ 
mination  of  the  inviscid,  nonturbulent  stream  flow  given  by  a  combined 
inviscid  flow  field-chemical  equilibrium  scheme.  Paragraph  A. 2  discusses 
this  method. 

A. 2  FREE -STREAM  NOZZLE  FLOW 

The  program  contains  the  option  of  using  the  one -dimensional  mass  conserva¬ 
tion  relation 


A  V  =s  7H. 


(A. 14) 


or  a  two- dimensional  theory  based  on  the  integral  relations  method  of  Holt 
(Referei.ee  A.  9) .  m  is  the  mass  flow  in  Ibm/sec,  pis  the  fluid  density,  A 
the  nozzle  cross  sectional  area  (5**«rw)»  find  U  is  the  flow  velocity 
parallel  to  the  nozzle  centerline. 

The  analysis  of  Reference  A.10  basically  follows  the  Dorodnitzin  strip  method 
of  integral  relations  (\eference  A. 113)  which  is  actually  a  generalization  of 
the  Kartnan  integral  theory  of  boundary  layer  analysis.  Solution  of  the 
various  conservation  relations  describing  the  flow  field  is  achieved  by 
integrating  from  the  nozzle  axis  of  symmetry  out  to  (U  -  (n-l))/N  times  the 
width. of  the  flow  field  of  interest,  where  H  is  the  total  number  of  strips 
used  arid  n  is  the  strip  number  under  consideration.  For  example,  for  a 
oise-strip  division  of  the  nozzle,  integration  is  carried  out  over  the  total 
half  width  of  the  nozzle.  For  a  two-strip  division,  the  integration  is 
successively  carried  out  to  1/2  and  1  times  the  total  half  width.  Thus, 
for  every  conservation  equation  used,  N  integral  relations  can  be  written. 

The  conservation  relations  assumed  are  the  conservation  of  mass  and  the 
Irrotationality  condition 

Mas  a 


^  (p-ur)  <^(oVrO 
^  ¥ 


■  o 


Irrotationality 


_  0 

^  ^  r 


(A. 15) 


(A. 16) 


V  and  r  are,  respectively,  the  velocity  and  coordinate  perpendicular  to  the 
nozzle  centerline.  Integration  of  Equations  (A. 15)  and  (A. 16)  across  r  from 
0  to  r  (a  general  point  in  the  flow  field)  gives 


(A. 17) 


(A. 18) 
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Tj  is  the  radial  coordinate  normalized  to  the  wall  radius,  i.e.,7)»  r/rw. 
The  ^subscript  denotes  evaluation  at  a  general  radial  location  while  the 
0  subscript  denotes  the  nozzle  centerline  value. 


For  a  single  integration  strip  the  integration  is  carried  out  from  the  nozzle 
centerline  to  the  wall,  and  a  linear  variation  of pu  and  V  as  a  function  of 
"H  is  assumed.  Some  analysis  has  been  performed  with  a  two  strip  division 
(see  Reference  A.l)  but  due  to  its  excessive  complexity,  it  was  not 
employed.  On  completing  the  integration  and  substitution  of  the  linear 
profiles, 


+  [<e^  +  A(r)J=o 


(A. 19) 


4  XT, 


-v.)*  0 


(A. 20) 


and,  in  addition 


X  =  U,  ^  (A. 21) 

the  1  subscript  denotes  the  value  at  the  wall  (actually  at  the  edge  of  the 
displacement  thickness,  but  8inced*<  <  rv  there  is  little  error  in  assuming 
that  the  integration  is  carried  to  the  wall).  Vo  ■  0  by  symmetry. 

The  chemical  equilibrium,  minimum  free  energy  routine  is  the  same  as  the  one 
described  in  Paragraph  2.1.  A  range  of  pressure  points  between  the  chamber 
value  and  a  suitable  exit  cone  value  is  selected,  and  the  program  computes 
the  corresponding  state  points  including  =p  v  +  V^.  These  streamline 
state  points  are  connected  to  the  nozzle  flow  through  the  employment  of 
Equations  (A. 19)  and  (A. 20). 

Although  Holt  defined  proper  criteria,  assuming  a  perfect  gas,  by  which 
Equations  (A. 14)  and  (A. 20)  may  be  applied  through  the  sonic  point,  it  is 
better,  in  view  of  the  equilibrium  chemistry  model,  to  utilize  a  separate 
sonic  region  analysis. 

The  method  of  Hall  (Reference  AJ1)  is  a  solution  of  the  mass  conservation 
and  irrotationality  relations  in  the  region  near  the  sonic  line,  where  the 
velocity  perturbations  in  the  axial  and  radial  directions  are  small  compared 
to  the  critical  sound  speed  at  the  throat.  These  velocity  perturbations  are 
expanded  in  inverse  powers  of  R,  the  radius  of  curvature  of  the  nozzle  profile 
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at  the  throat  measured  in  throat  half-heights.  Successively  improved  solu¬ 
tions  result  from  the  use  of  higher  order  terms  in  the  expansions;  terms  of 
order  1/r3  are  included.  The  involved  relationships  are  given  in  Equa¬ 
tions  (83  )  through  (  90)  of  Reference  A.1L  Although  they  were  derived  in 
terms  of  a  calorically  and  thermally  perfect  gas,  it  is  assumed  that  the 
7  may  be  evaluated  from 


(A. 22) 


Integration  of  Equations  (A.l)  and  (A. 2)  along  Z  gives  the  momentum  and 
thermal  energy  defect  thicknesses,  plus  the  local  skin  friction  and  heat 
transfer  values. 


A  complete  listing  of  the  boundary  layer  convective  heat  transfer  program 
is  not  given  here  for  several  reasons.  The  first  reason  is  that  documenta¬ 
tion  of  the  program  is  not  yet  finished  so  that  a  complete  listing  of  the 
variables  and  their  corresponding  Fortran  statements  is  not  yet  available. 
Budget  and  time  limitations  and  higher  priorities  attached  to  other  aspects 
of  the  program  have  prevented  a  complete  documentation  during  the  course 
of  the  work.  Another  reason  is  that  important  segments  of  the  numerical 
analysis,  notably  the  integration  routine  of  the  conservation  equations, 
were  originally  programmed  by  JPL  (Reference  A.l)  in  IBM  machine  language, 
not  in  Fortran,  so  that  understanding  the  inner  workings  of  the  program  in 
detail  is  a  difficult  procedure  for  most  readers.  It  is  hoped  to  eventually 
re-program  these  segments  in  Fortran;  however,  in  the  interim  a  documentation 
of  the  combined  Fortran-machine  language  program  is  now  underway  at 
Aeronutronic  and  will  be  sent  to  RPL,  Edwards  AFB,  upon  its  completion. 
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APPENDIX  B 


RADIATIVE  HEAT  TRANSFER 


The  restartable  solid  rocket  nozzle  has  been  divided  into  two  characteris¬ 
tic  periods  of  operation  for  analyzing  the  radiative  boundary  condition. 
During  firing,  the  chamber  and  nozzle  surfaces  intercept  energy  emitted 
by  the  combustion  products.  The  amount  of  energy  absorbed  by  the  surfaces 
is  dependent  on  the  surface  temperature,  surface  emisslvity ,  and  emission 
properties  of  the  free  stream.  During  the  cooldown  period,  radiative 
energy  exchange  will  occur  between  the  surfaces  of  the  motor  components, 
between  the  "rr faces  and  the  pyrolysis  gas  products,  and  between  the  sur¬ 
faces  and  the  ambient  environment.  A  description  of  the  radiation  analyse 
developed  to  predict  the  radiative  boundary  conditions  of  a  restartable 
solid  rocket  motor  is  presented  below.  The  results  of  applying  these 
analyses  to  specific  rocket  motors  were  presented  in  Paragraph  2.4. 

B.l  COOLDOWN  PERIOD 

It  was  necessary  to  formulate  analytical  solutions  for  three  specific  type 
of  cooldown  radiative  transfer: 

(1)  Transparent  media  (gray  walls) 

(2)  Absorbing  media  (gray  walls) 

(3)  Absorbing  media  (black  walls) 

The  third  case  is  a  special  case  of  the  second.  A  fourth  possibility, 
transparent  media  (black  walls),  can  be  deduced  directly  from  the  first 
case.  Analyzing  the  cooldown  behavior  of  a  nozzle  requires  a  breakdown 
of  the  nozzle  into  nodal  points  (finite  volumes) ,  each  of  which  will  be 
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used  in  the  conduction  computer  program.  Nodal  points  on  the  interior 
surface  of  the  nossle  are  such  that  an  energy  balance  requires  the  speci¬ 
fication  of  the  radiant  heat  flux  to  each  nodal  point  on  the  nossle 
surface.  Therefore,  it  is  required  that  the  three  types  of  radiative 
transport  be  analysed  in  such  a  manner  to  facilitate  the  application  of 
the  results  to  a  numerical  conduction  soluticn. 

B.1.1  TRANSPARENT  MEDIA  (GRAY  WALLS) 

When  the  free  stream  of  a  nossle  is  transparent  to  thermc.1  radiation,  the 
radiant  Interchange  between  a  point  on  the  surface  and  its  surroundings 
can  be  expressed  by  the  method  devised  by  Oppenheim  (B.l).  For  a  gray 
surface,  the  net  radiant  heat  flux  to  an  elemental  area  (dA])  may  be 
written  as  the  difference  in  the  incident  and  emitted  plus  reflected 
radiant  energy. 

=  h, -o,  (b.i) 

The  energy  leaving  dAj  is 

O.se.E.i-r.M.  (‘-2> 

4 

where  E]  ■  <3  T]  and  €  ^  and  r^  are  the  emissivity  and  reflectivity  of  dA! 
respectively.  The  energy  incident  on  dA}  is  the  energy  leaving  adjacent 
surfaces  in  the  direction  of  dAj,  or 

- -V  <7,- 1  <>•» 

If  the  temperatures,  emissivities ,  and  shape  factors  (F].n)  are  specified, 
the  radiant  heat  flux  may  be  found  by  solving  simultaneously  a  combination 
of  Equations  (B.2)  and  (B.3)  written  for  each  surface.  It  may  be  noted 
that  combining  Equations  (B.l)  and  (B.2)  reduces  the  heat  flu-*-  *-o  a  form. 

•%!  OrM  (»•*) 

*  \ 

Determination  of  the  shape  factors,  Fi-q,  Is  required  for  the  solution  of 
Equation  (B.3).  An  analysis  similar  to  that  described  in  Reference  B.2 
has  been  prograsned  for  compvter  solution. 

A  shape  factor,  Fdg^,2>  is  defined  as  that  fraction  of  the  total  radiant 
energy  which  leaves  a  diffuse  area  dA}  and  is  Incident  on  an  area  A2- 
Then  from  Reference  B.3  the  shape  factor  is 
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(B.3) 


where  R  is  Che  distance  between  areas  dAi  and  dA2,  and  6}  and  02  are  the 
angles  between  R  and  the  normals  to  area  dAi  and  dA2,  respectively.  For 
a  geometry  similar  to  that  of  a  nozzle,  Equation  (B.5)  is  simplified  if 
cylindrical  coordinates  are  employed  and  a  new  angle,  fi,  is  defined 
according  to  Figure  B-l,  i.e.,  the  angle  between  the  axis  of  the  nozzle 
and  a  line,  tangent  to  the  area  in  question,  that  intersects  the  axis  of 
the  nozzle. 

Expressing  cos  02,  cos  R  *nd  dA,  in  terms  of  the  coordinate  system 
described  previously,  an  integral  of  the  form, 

’  a.  (»•<•) 

is  obtained  from  Equation  (B.S).  The  quantities  f  (  0)dl  and  g  (f,  0,r) 
will  vary  depending  on  the  location  in  the  nozzle.  That  is,  the  expression 
f(/3)dl  when  dA2  Is  on  che  injector  face  is  different  than  when  dA2  Is  on 
the  surface  of  the  nozzle.  Also,  there  are  many  different  expressions 
for  g(  f,  fi,r)  which  are  dependent  on  the  conditions  listed  below: 

(1)  *dAL  <  *dA2  ,  *dAt  -  *dA2,  and  ^dA^  >  *dA2 

(2)  ^dAj_  >  90°,  PdA2  >  90° 

(3)  <2Aj  on  Injector  face  and  dA2  on  injector  face. 

With  the  expression,  g( f  .  known  as  a  function  of  nozzle  position, 

the  Integral 

.„7, 

is  easily  evaluated  from  standard  integral  tables. 

The  limits  of  integration  in  Equation  (B.7)  are  defined  as  the  percent  of 
the  total  area  of  dA2  (see  Figure  B«i)  that  is  seen  by  dA}.  An  algebraic 
expression  is  easily  obtained  for  the  limits  of  integration  by  considera¬ 
tion  of  the  intensity  vectors  originating  at  a  point  dA}  on  the  entrance 
section  of  the  nozzle.  Since  the  cross  section  of  the  throat  is  circular 
In  a  plane  perpendicular  to  the  noszle  axle  and  the  intensity  vectors  from 
dA|  passing  through  the  throat  describe  a  cone,  the  cro»s  section  of  the 
intensity  vectors  at  any  point  in  the  exit  cone  will  also  be  circular  in 
a  plane  normal  to  the  axis  of  the  noszle.  Tne  intersection  of  the  inten¬ 
sity  vector  cone  with  the  nozzle  surface  at  the  axisl  position  of  dA2, 
defines  the  limits  of  Integration  st  point  2. 


>  *  • 


With  the  Integral,  Equaclon  (B.7),  evaluated  at  the  proper  limits,  the 
shape  factor  may  be  evaluated  numerically  as  follows 


(B.8) 


Equations  (B.2),  (B.3),  (B.4),  (B.7),  and  (B.8)  were  i  ogrammed  for  the 
Philco  2000  high  rtpeed  digital  computer  to  obtain  the  shape  factors  and 
radiant  heat  fluxes  for  the  internal  surface  elements  of  any  combustion 
chamber  and  nozzie  configuration. 

The  internal  surface  of  the  nozzle  is  divided  up  into  finite  areas  by  the 
conduction-ablation  program  (Appendix  C) ,  permitting  a  numerical  energy 
balance  ou  each  node.  To  avoid  solving  Equations  (B.2),  (B.3)  and  (B.4) 
at  each  tlms  increment  in  the  finite  difference  conduction  solution,  the 
surface  nodes  have  been  interconnected  by  resistors,  Ri„2-  The  resistors 
enable  the  radiant  heat  flux  between  any  two  nodes  to  be  expressed  as 


%i-l  *  ^  ~~  r* 

R.-i. 


and  for  gra'’  vails 


( t.'-t ;) 


then 


■3-  - 
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(B. 10) 


(B.li) 


The  net  radiant  heat  flux  to  any  node  ie  then  the  sum  of  the  heat  flux  to 
each  separate  node 


*  -  _  _  T,  -  T„ 

«,-■ 
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If  in  the  transient  state  the  radiant  heat  flux  at  time  t  *  m£>t  is 
evaluated  at  the  temperatures  found  at  time  t  •  (m-l)At,  use  of  Equations 
(B.ll)  and  (B.12)  will,  therefore,  eliminate  the  complicated  solution  of 
Equations  (E.2),  (B.3),  and  (B.4)  and  permit  a  finite  difference  solution 
to  the  conduction  equations. 


The  quantity,  A i-n'  1*  *  function  of  both  the  shape  factor. 

F\.n,  and  the  eni&sivity,  C  ,  is  determined  by  use  of  the  radiation  program 


just  described  and  in  a  manner  prescribed  by  Reference  B.4.  The  method 
given  in  Reference  B.4  is  straight-forward  ana  only  the  end  result  is  given 
in  this  report. 

Setting  =  1  and  Tp,  T3 . ,Tn  equal  to  zero,  the  heat  fluxes  are 

calculated  by  the  radiation  program  with  the  specified  emissivities  as 
input.  Since  area  1  is  the  only  surface  that  emits,  the  heat  flux  at 
point  2  represents  the  heat  flux  between  1  and  2.  Therefore,  from 
Equation  (B.10), 


and 


4)3 
cr  i 


(3.13) 


The  same  procedure  is  followed  for  Tp,  T^,  .  .  .  .  ,Tn< 

3.1.2  ABSORBING  MEDIA  (GRAY  5lALL$ 

The  presence  of  an  absorbing  media  in  a  rocket  nozzle  may  seriously  alter 
the  radiative  transfer  during  cooldown,  depending,  of  course,  on  the 
opacity  of  the  mixture.  The  chemical  species  that  affect  the  optical 
properties  of  typical  pyrolysis  products  below  3000°F  are  primarily  con¬ 
densed  carbon,  water  vapor ,  carbon  dioxide,  and  carbon  monoxide.  Of 
these,  condensed  carbon  io  likely  to  be  of  major  importance. 

During  cooldown,  a  nonzero  cl  ir  pressure  will  result  from  the  degassing 
of  the  ablative  mate7.ials  in  me  nozzle.  For  testing  at  either  atmospheric 
or  space  pressures,  the  assumption  of  an  op-i rally  thin  media  will  suffice 
for  a  large  range  in  path  length  and  partic  concentration.  From  Refer¬ 
ences  B.5  and  3.6  the  emissivity  (or  absorptivity,  if  a  =  €  is  assumed) 
of  an  optically  thin  particle  cloud  may  be  written  as 

e*  /  -  exp  [LNRtrt(*f[  <b.i4) 

where  N  is  the  particle  density,  R  is  the  path  length,  and  at(  A)  is  the 
total  cross  section  (  at(\)  represents  the  energy  absorbed  and  scattered 
by  a  particle  of  a  certain  size  and  shaped  For  the  optically  thin  case, 
Equation  (B.14)  reduces  to 

•*  AiRO*  (>i)  (b.  15) 
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For  the  case  of  gray  walls  and  an  absorbing  media,  the  network  method  of 
Oppenheim  Is  employed  with  slight  alterations  to  include  the  effects  of 
the  absorbing  media.  That  is,  the  radiant  interchange  between  two  ele¬ 
ments  is  reduced  by  the  amount  of  energy  absorbed  or  scattered  by  the 
media.  The  energy  incident  on  an  area  element  has  the  added  contribution 
of  that  energy  emitted  and  multiple  scattered  by  the  cloud  in  the  direction 
of  the  area.  With  this,  Equation  (B.3)  becomes 


H,  =  _  (8.16) 

From  Reference  B.7  the  last  term  in  Equation  (B.16)  may  be  written  as 

2"C^3-s  cosev_r-*se»  (B.17) 

M„"  R 1 


This  is  equivalent  to  saying  that  the  gas  volume  involved  between  two  areas, 
and  is  determined  by  the  solid  angle  originating  at  dA-^  and  inter¬ 
secting  An.  The  total  volume  it  then  the  sum  of  the  individual  volumes. 


The  term,  £  ,  in  Equation  (B.17)  is  related  to  Equation  (B.15)  by  the 
following  expression 


cr  t1 


-  A/  /?  cr 


(B.18) 


where  E  is  the  emissive  power  at  the  wavelength,  X,  and  a is  the  total 
blackbody  energy  over  all  wavelengths. 

Substituting  Equations  (B.15),  (B.17)  and  (B.18)  into  (B.16)  and  then 
combining  (B.16)  with  (B.2)  yields 

3,-  e,£|  r  r,  2  T  $  ©■. 

•-  a  Tf  4*  *■ 


^  “  flv,  77  .  R 


+  S  ^  dAn  -  C^n  no;  Losd.cci 

71  Q1-  i  Tt  - 5 - °  4 


(B. 19) 


Let 


d  K 


l-h 


n 


(B.20) 


and 


d  G 


i-h 


COS  6,  oca  &2  ^  q 


(B.22) 
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Returning  to  the  radiation  computer  program  discussed  in  the  previous 
paragraph,  it  may  be  noted  that  dFi_n  has  already  been  calculated  for  the 
nozzle  configuration.  Evaluation  of  the  integrals  in  Equation  (B.19) 
requires  a  knowledge  of  the  variation  in  temperature  and  the  absorption 
coefficient  (N  O  t)  in  the  nozzle.  Since  dGj.n  can  be  reduced  to  finite 
difference  form  in  much  the  same  manner  as  dFi_n  (i.e.,  dAjj  =  f(/3)AjK)» 
the  cloud  volume  is  then  divided  into  incremental  hollow  conical  volume 
elements.  (The  intensity  vectors  leaving  a  point  on  the  surface  of  a 
nozzle  encloses  a  definite  volume  of  gas  with  suspended  particles  before 
reaching  an  area  <3A2  on  the  nozzle  surface.  When  dA£  is  revolved  around 
the  nozzle  axis  on  the  circumference  of  the  nozzle,  the  resulting  gas 
volume  is  a  hollow  conical  volume.)  To  solve  Equation  (B.19),  a  tempera¬ 
ture  and  absorption  coefficient  representing  the  average  for  the  conical 
volume  is  used  and  assumed  constant  for  the  integral  of  that  particular 
surface  element,  dAjj. 

It  may  be  noted  that  the  nozzle  surface  may  not  necessarily  represent  the 
absorbing  media's  boundary,  as  Equation  (B.17)  states.  That  is,  the  con¬ 
densation  of  carbon  particles  may  occur  on  a  local  basis  in  the  nozzle. 

If  this  is  the  case,  Equation  (B.19)  is  invalid  and  an  added  approximation 
is  required  in  the  evaluation  of  the  radiant  heat  flux.  If  the  shape 
factor  from  the  area  dA^  to  An  (Ajj  representing  an  area  on  the  nozzle 
where  the  absorption  coefficient  reduces  tc  zero  somewhere  in  the  path 
length  between  dA^  and  An)  is  small,  then,  evidently,  the  last  term  in 
Equation  (B.19)  is  even  smaller  than  the  third.  If  FdAi„n  is  large, 
dAn  in  the  first  integral  of  Equation  (B.19)  must  be  replaced  by  an 
imaginary  surface  area  at  the  plane  of  initial  condensation.  In  many 
cases  when  the  shape  factor  is  large,  the  ratio  of  the  distance  between 
elements  and  cloud  path  length  is  near  unity  and  use  of  Equation  (B.19) 
is  permitted. 

The  assumption  of  average  temperature  and  absorption  coefficients  between 
dA^  and  dAn  reduces  Equation  (B.19)  to 

o,  --  e,E,  4  r, 

(B-23) 

-  (Mo.)  a  f-  . 

where  the  subscript  (1-n)  signifies  that  the  quantity  is  evaluated  between 
areas  1  and  n,  and  G  is  defined  by  Equation  (B.22). 

B.1.3  ABSORBING  MEDIA  (BLACK  WALLS) 

An  absorbing  media  surrounded  by  black  walls  is  treated  as  a  special  case 
of  the  preceding  gray  wall  analysis.  There  are  two  reasons  for  subdividing 
the  gray  and  black  wall  analyses:  (1)  the  fact  that  no  radiation  energy 
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is  reflected  by  a  black  wall  eliminates  the  use  of  Equation  (B.23)  and 
(2)  the  black  wall  analysis  is  vary  simply  applied  as  a  boundary  condition 
to  the  conduction  program  used  in  this  program. 


I 

i! 

f  Applying  a  radiative  energy  balance  to  a  black  surface  element 

same  manner  that  was  done  in  the  previous  paragraph  yields, 

i'  *•  G.-hLe,  -(.£3),-k1\ 

Equation  (B.24)  can  be  further  subdivided  into  the  heat  exchange  between 
j~  surface  elements 

r  i-H  -  [*,-»  -  *-  [t/-  t;-] 

i. 

and  between  a  surface  element  and  the  absorbing  gas 

*  '* 

1  % -  Z  (n  ff*VH  G,.h  [t/ .  (Tts)^J 

f  ’  4 

S 

Equation  (B.25)  is  of  the  same  form  as  Equation  (B.ll)  where 

•  p,-,- 

Therefore,  Equation  (B.25)  is  applied  in  exactly  the  same  manner  as  was 
Equation  (B.ll)  for  the  transparent  gas-gray  wall  case. 

i  • 

|  Assuming  an  isothermal  gas,  Equation  (B.26)  reduces  to 


(B.25) 


(B.26) 


(B.27) 


in  much  tne 


(B.24) 


and 


r 

<ihft 


(i;-t9) 


(B.28) 


(B.29) 


r 

jU 
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B.2  APPLICATION  OF  COOLDOWN  RADIATIVE  ANALYSES 


The  total  absorption  cross  section,  Ot,  of  a  carbon  particle  cloud  has 
been  presented  by  Stull  and  Plass  In  Reference  B.8  for  various  sized 
particles.  In  the  rocket  nozzle,  it  is  likely  that  the  products  of  abla¬ 
tion  are  saturated  with  carbon  and  as  the  gas  expands  in  the  nozzle 
(for  vacuum  exhaust),  carbon  will  condense  out.  It  is  expected,  therefore, 
that  the  particle  size  will  change  in  expanding  through  the  nozzle ,  pre¬ 
senting  difficulties  in  the  evaluation  of  3t. 

The  product,  N  has  been  calculated  for  the  ablation  products  of  various 
ablative  materials.  In  performing  these  calculations,  thermochemical  con¬ 
siderations  were  required  to  determine  the  amount  of  solid  carbon  en¬ 
countered  in  the  chamber  and  nozzle  volume.  The  data  of  Reference  B.8 
were  applied  to  the  predicted  solid  carbon  amount,  resulting  in  Not. 

N for  the  pyrolysis  products  of  carbon  bloth  phenolic.  This  is  shown 
in  Figures  B-2  and  B-3  at  various  soak  back  temperatures  and  pressures. 

The  dependence  of  N  o  t  on  particle  size  is  negligible  as  shown  by  Figure 
B-2.  This  phenomena  was  also  reported  by  Thring®*^  for  hydrocarbon  flames. 
Therefore,  it  is  concluded  that  knowledge  of  particle  size  is  not  important, 
and  the  major  difficulty  lies  with  the  determination  of  the  pressure  and 
temperature  decay  during  cooldown. 

The  importance  of  carbon  cloud  radiation  during  cooldown  was  determined 
using  the  temperature  and  pressure  decay  measurements  presented  in 
Section  2.4.  Using  the  pyrolysis  temperature  presented  in  Figure  2-9 
(or  20G0°F  at  140  seconds  after  shut  down)  and  a  soakback  pressure  of 
20  psia  the  term  Na^R  (cloud  emissivity  -  N  Rat)  reaches  a  maximum 
of  0.029  at  e  =  1.5.  At  140  seconds,  the  measured  surface  temperature 
in  the  annealed  P.G.  throat  insert  is  approximately  1620°F  (see  Figure  2-9). 
Therefore,  the  radiative  and  convective  interchange  between  the  throat 
insert  and  the  free  stream  is  negligible  compared  to  the  heat  dissipated  by 
ablation.  However,  for  rocket  motors  employing  a  good  heat  sink  material 
in  the  entrance  and  a  heat  barrier  material  in  the  throat,  the  pyrolysis 
temperature  may  be  low  enough  that  the  thermal  analysis  must  include  carbon 
cloud  radiation.  For  the  materials  studied  in  this  program,  the  effect 
of  carbon  cloud  radiation  and  convection  during  cooldown  may  be  omitted 
from  thermal  considerations,  leaving  only  the  radiative  interchange  between 
flame  front  surfaces  and  radiation  to  the  ambient  environment  as  the  soak¬ 
back  boundary  conditions. 

B.3  FIRING  PERIOD 

Little  is  known  of  the  emission  properties  of  high  temperature  alumina 
clouds  and  what  data  do  exist  can  only  be  applied  after  making  very 
questionable  assumptions.  Experimental  data  on  alumina  emission  properties 
have  been  obtained  for  optically  thin  clouds  with  temperatures  reaching  5200°R. 
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Optically  thin  cloud  measurements  do  not  provide  emission  data  sufficient 
to  analyze  the  Important  effects  of  scattering  associated  with  a  high 
temperature  alumina  cloud.  Reference  B.6  postulates  an  approach  to 
account  for  the  scattering  and  multiple  scattering  effec*"  of  finely 
dispersed  alumina  particles.  However,  this  approach  requires  the  exper¬ 
imental  determination  of  scattering  coefficients  (see  Reference  B.6  for 
details) .  An  analysis  based  upon  optically  thin  cloud  emission  data  to 
predict  the  radiative  heat  transfer  to  rocket  motor  flame  front  surfaces, 
which  eliminates  the  effect  of  scattering,  is  given  in  Reference  B.6.  In 
this  analysis,  the  maximum  cloud  total  hemispherical  emissivity  can  approach 
unity.  From  recent  alumina  cloud  emission  data,  (References  B.  10  and  3.11) 
it  was  found  that  the  maximum  total  hemispherical  emissivity  is  between 
0.25  and  0.35.  Comparing  the  results  of  References  B.lOand  B. 11 with  the 
semi-empirical  predictions  of  Reference  B.6  indicates  the  importance  of 
scattering  in  radiative  transfer. 

Early  in  this  program,  the  alumina  cloud  hemispherical  emissivity  was 
calculated  using  the  analysis  of  Reference  B.6.  As  the  data  of  References 
B.10  and  B.lLbecame  available,  however,  the  technique  employed  in  the  calcula¬ 
tion  of  emissivity  was  revised  to  include  scattering.  The  revised  technique 
incorporated  the  expression  derived  in  Reference  B.6  to  include  the  chamber 
pressure,  particle  concentration,  path  length,  and  temperature  effect  on 
emissivity,  with  the  maximum  measured  emissivity  Cm;  i.e., 

e  -  (  I  —  e~W£0') 

and  N  *  1.59  x  10"44)Pfr\ 

Tr^ 

where 

0  =  weight  ratio  of  particles  to  gas 
P  *  static  pressure 
T  *  static  temperature 
H  *  gas  molecular  weight 
1  *  path  length 
r  «  particle  radius 

e  *  absorption  coefficient  (data  obtained  from  Reference  B.5). 
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The  maximum  cloud  emisslvlty  Is  related  to  the  absorption  and  scattering 
cross  sections  of  the  dispersed  alumina  particles  by  (Reference  B.11 ) 


where  c  is  the  cloud  geometric  factor 
Qa  •  absorption  cross  section 

Q(  «  sum  of  the  absorption  and  scattering  cross  Lection 

These  cross  sections  are  dependent  on  particle  size,  particle  concentration, 
and  temperature.  However,  due  to  the  lack  of  cross  section  data,  the  maxi¬ 
mum  emisslvlty  used  in  this  program  was  assumed  to  be  0.3  as  reported  in 
Reference  B.1Q. 

B.4  SURFACE  EMISSIVITY 

For  simplification,  the  emissivities  of  the  flame  front  surfaces  were  re¬ 
garded  as  a  function  of  material  or.ly.  The  emi3Sivities  employed  in  this 
program  were  0.9,  0.7,  and  0.4  for  PG,  ATJ,  and  tungsten,  respectively. 

The  emissivities  of  solid  and/or  liquid  alumina  wall  coatings  are  consid¬ 
erably  different  from  those  of  the  nozzle  surface  materials  (  ~.3)  and 
should  be  included  in  the  radiative  boundary  condition.  However,  to 
include  the  effect  of  deposition  on  wall  emissivity,  the  surface  coverage 
of  AI2O3  must  be  determined  as  a  function  of  position  and  time.  At  the 
present  time,  it  is  impossible  to  predict  the  deposit  behavior;  therefore, 
to  be  conservative,  the  effect  of  deposits  on  wall  emissivity  was  omitted. 
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APPENDIX  C 


CONDUCTION-ABLATION  HEAT  TRANSFER 


This  appendix  presents  a  detailed  discussion  of  the  analysis  used  in  pre¬ 
dicting  the  thermal  response  of  a  solid  propellant  rocket  motor  nozzle 
subjected  to  any  stop-start  duty  cycle.  This  discussion  describes  the 
manner  in  vnich  the  phenomena  associated  with  transient  conduction  and 
ablation  were  handled  in  the  development  of  the  analytical  model. 

The  formulation  of  an  analytical  model  to  predict  the  performance  of  a 
nozzle  under  stop-start  conditions  requires  definition  of  the  mechanisms 
involved  In  thermal  and  chemical  degradation  of  materials,  radiative  and 
convective  heat  transfer,  and  alumina  deposition.  By  defining  the  ericas 
mechanisms  associated  with  stop-start,  an  analytical  model  can  be  con¬ 
structed  which  will  predict  such  characteristics  as  teisj/crature  distribu¬ 
tions,  char  thickness,  heat  absorbed  during  firing  and  change  in  heat 
content  during  soak  for  the  structural  and  insulation  components  of  the 
rocket  motor  nozzle. 

The  approach  taken  in  developing  an  analytical  model  consisted  of  using 
an  existing  three  dimensional  transient  conduction  computer  program  as 
a  foundation  in  the  analysis.  The  mechanisms  associated  with  restart 
were  included  in  the  computer  program  as  subroutines. 

C. 1  INTERNAL  ENERGY  BALANCE 

The  abletion  phenomenon  is  a  very  complicated  form  of.  heat  transfer.  To 
devise  a  conduction-ablation  analysis  (and,  correspondingly,  an  analytical 
tool  to  predict  char  growth  and  temperature  profiles)  requires  a  firm 
understanding  of  pyrolysis  and  the  ablative  modes  of  heat  transfer.  The 
internal  ablation-conduction  portion  of  the  ablation  model  used  in  this 
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analysis  is  the  well  known  "charring  ablat  concept  of  Munson  and 
Spindler1**1. 


The  three  dimensional  transient  conduction  computer  program  utilizes  a 
finite  difference  scheme  in  solution  of  the  Fourier  conduction  equation. 
The  program  applies  an  energy  balance  to  each  finite  volume  (node)  in 
the  system.  In  two  dimensional  form  this  energy  balance  is: 


j_  Jl 

r 


*  ?■  =  ec 


(c.l) 


In  this  equation,  the  first  cwo  terms  account  for  the  radial  and  axial 
conduction,  respectively;  the  third  term  accounts  for  the  energy 
associated  with  the  transpiration  of  the  pyrolysis  gas  through  the  char; 
the  fourth  term  accounts  for  decomposition,  cracking,  and  any  other 
chemical  reactions  experienced  in  the  ablator;  and  the  last  tern  accounts 
for  heat  storage  in  the  sc 'id. 

C.2  PYROLYSIS 

To  solve  Equation  (C.l),  tne  pyrolysis  rate  of  the  ablator  must  be 
specified.  Specification,  of  this  phenomenon  is  very  important  in  the 
evaluation  of  ablator  perfortxance  under  stop-start  conditions.  Fo. 
example,  under  stop-start  conditions,  che  pyrolysis  zone  heating  rate 
is  variable  dT/df. ,  and  will  effect  the  type  and  degree  of  reactions 
experienced  in  this  zone.  Therefore,  the  pyrolysis  law  used  in  the 
ablation  analysis  traist  be  dependent  on  heating  rate,  temperature  level, 
and  post-thermal  history.  The  most  widely  accepted  pyrolysis  law  to 
date  which  includes  the  above  dependencies  is  that  ci  Friedman: 

dt.  C  v 

The  constants  A,  n,  and  E,  ccxmaonly  defined  as  the  rate  constant,  degree 
or  reaction,  and  activation  energy,  respectively,  are  determined 

empirically. 

It  has  been  generally  cc  eluded  that  pyrolysis  in  an  internal  ablating 
material  is  reaction  rate  cont.„’led.  This  ph  noaenon  is  then  dependent 
upon  (l)  the  rate  at  which  the  chemicai  reaction  products  leave  the 
pyrolysis  zone,  (2>  temperature  level,  (3)  total  pressure,  and  (-*)  heat¬ 
ing  rate,  dX/ct.  In  performing  TGA  experiments  to  determine  the  rate 


constants  of  Equation  (C.2),  it  is  desirable  *‘o  simulate  the  magnitudes 
of  these  four  parameters  existing  at  the  Locations  where  Equation  (C.2) 
is  to  be  applied.'  It  is  impossible,  however,  to  exactly  simulate  the 
removal  rate  of  the  pyrolysis  gas  in  TGA  experiments.  Therefore,  it  is 
necessary  to  assume  that  the  removal  rates  of  the  chemical  reaction  pro¬ 
ducts  in  the  TGA  and  roc!  °':  motor  are  equal. 

Figure  C-l  is  a  plot  of  various  Thermal  Gravimetric  Analyses  (TGA)  per¬ 
formed  on  phenolic  resin  composites.  The  orginal  weight  of  the  ablative 
material  (W^)  is  based  on  100  percent  phenolic  (reinforcement  free). 

All  TGA  samples  used  in  Figure  C-l  were  post-cured  except  for  that  of 
Coffman  which  explains  the  initiation  of  pyrolysis  at  low  temperatures. 
The  TGA  duta^presented  in  Figure  C-I  were  performed  at  low  heating  rates 
(dT/dt<  360  C/hr)  and  under  a  variety  of  free  stream  conditions.  Since 
the  decomposition  dependence  on  temperature  is  function  of  heating  rate, 
free  stream  pressure  (see  Figure  C-2),  and  chemical  composition  (oxygen 
content),  and  unpredictable  error  will  result  when  the  TGA  data  of 
Figure  C-l  are  multiplied  by  the  appropriate  heating  rate  and  applied 
to  rocket  nozzle  conditions  in  the  form  of  an  Arrhenius  expression 
(Equation  C.2).  Therefore,  four  Arrhenius  rate  laws  were  chosen  for 
this  program  all  of  which  were  obtained  under  a  variety  of  free  stream 
conditions.  Table  C.l  is  a  summary  of  these  Arrhenius  constants  required 
in  Equation  C.2. 


TABLE  C.l 

ARRHENIUS  PYROLYSIS  RATE  LAWS  FOR  PHENOLIC  RESINS 


E 


Investigator 

n 

Degree  of 
Reaction 

b 

(1/sec) 

Activation 

Energy 

(cal) 

Farmer  (Ref  C.2) 

1 

4.67 

15,200 

Friedman  (Ref  C,3) 

1 

6.75 

15,200 

Friedman  (Ref  C.3) 

5 

2.78  x  1014 

55,000 

Munson  and  Spindler 
(Ref  C.l) 

1 

1  x  106 

22,100 
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MARQUARDT.  REF  C . 


FIGURE  C-l  .  PYROLYSIS  OF  PHENOLIC  RESIN  ON  REINFORCEMENT  FREE  BASIS 


C . 3  GAS-CHAR  REACTIONS 


The  heat  absorbed  by  pyrolysis  (heat  of  decomposition)  and  transpiration 
of  the  pyrolysis  gases  through  the  char  (gas  enthalpy  change)  requires 
the  determination  of  the  chemical  composition  of  the  pyrolysis  gas  at 
various  pyrolysis  zone  temperature  .levels.  Knowing  the  chemical  com¬ 
position  of  the  pyrolysis  gas  as  a  function  of  temperature,  and  knowing 
the  original  chemical  composition  of  the  ablator,  thermochemical  calcula¬ 
tions  can  be  performed  on  the  ablator,  assuming  thermochemicai  equilibrium 
between  gas  and  char.  This  assumption  is  valid  if  the  interconnected 
pores  in  the  char  have  a  sufficiently  large  surface  area  and  the  flow 
velocities  are  relatively  small. 

The  average  specific  heat  of  the  pyrolysis  products  for  asbestos,  silica, 
graphite  cloth,  and  carbon  cloth  phenolics  are  shown  in  .Figure  C-2,  The 
chemical  stoichiometry  of  phenolic  used  in  the  thermocbenicai  calcula¬ 
tions  was  approximated  as  (C0H6O)n.  Asbestos  and  silica  were  assumed 
inert  with  respect  to  the  char.  This  assumption  is  only  valid  at  tem¬ 
peratures  up  to  1800  F.  In  the  temperature  region  of  1800°F  to  2700°F, 
condensed  Si02  will  react  with  the  carbonaceous  char  to  produce  condensed 
SiC  and  gaseous  CO.  The  reaction  is  endothermic  and,  depending  unon  any 
kinetic  Limitations  arising  from  the  solid-solid  reaction,  can  be  far 
more  important  from  a  heat  absorption  standpoint  than  the  resin  degrada¬ 
tion  process.  Above  2700  F,  SiC  is  unstable  with  respect  to  gaseous  SiO 
and  the  latter  becomes  the  important  product  species.  Thus,  if  the  char 
temperature  exceeds  1800  F,  silica-carbon  reactions  will  occur  and  cause 
the  average  specific  heat  to  increase.  Since  the  data  shown  in  Figure  C-2 
do  not  reflect  this  increase,  char  thicknesses  predicted  using  these 
data  and  the  ablation  program  will  be  larger  than  the  measured  char 
thickness . 

The  heat  of  decomposition  of  phenolic  was  assumed  to  be  500  btu/lb  as 
reported  in  Reference  C.i  .  The  heat  of  ablation,  of  which  the  heat  of 
decomposition  is  a  part,  is  the  property  usually  reported  by  various 
it vestigators .  The  complexity  in  determining  the  heat  of  decomposition 
from  the  hear  of  ablation  results  in  a  very  approximate  value.  Another 
possible  method  in  determining  the  heat  cf  decomposition  of  phenolic  is 
to  utilize  the  polymeric  structure  of  phenolic  and  to  find  the  energy 
required  to  break  the  material  down  to  the  resultant  pyrolysis  products. 
Tiiis  method  is  approximate  in  that  the  chemical  structure  of  phenolic  is 
quest; onable . 
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AVERAGE  SPECIFIC  HEAT  AT  CONSTANT  PRESSURE, 


FIGURE  C-2  AVERAGE  SPECIFIC  HEAT  AT  CONSTANT  PRESSURE  OF  PYROLYSIS 
PRODUCTS  OF  PHENOLIC  RESIN 


C-6 


C.4  T HERMOPHY S T CAL  PROPERTIES 


The  thermophysical  properties  required  in  the  solution  of  Equation  C.l 
include  the  specific  heat,  density,  and  thermal  conductivity  of  the 
rocket  motor  materials.  However,  the  definition  of  thermal  conductivity 
and  solid  specific  heat  for  an  internal  ablating  material  is  not  definite 
until  the  mathematical  model  separates  and  defines  the  other  modes  of  heat 
transfer.  The  thermal  conductivity  represented  in  Equation  C.l  does  not 
include  the  effects  of  convection,  decomposition,  or  any  other  chemical 
reactions  but  does  include  internal  radiation  between  voids  in  the  char 
an'  transpiring  gas  for  ablating  materials. 

With  thermal  conductivity  defined  in  this  manner,  experimental  deter¬ 
mination  is  difficult  for  a  partially  degraded  material  because  of  the 
effect  of  pyrolysis  of  the  material  and  the  influence  of  the  transpiring 
pyrolysis  gas.  This  problem  has  also  been  found  by  many  other  investi¬ 
gators  (Ref.  C.l,  C.4,  and  C.5) ,  and  has  led  them  to  the  following  assump¬ 
tion:  The  thermal  conductivity  and  specific  heat  of  a  partially  degraded 
material  can  be  found  by  a  linear  interpolation  between  the  appropriate 
values  ot  the  uhar  and  virgin  materials.  Mathematically  this  is  stated  as 


(C.4) 


Thermal  conductivities  of  the  virgin  material  and  the  char  of  various 
ablative  materials  are  presented  in  Table  C.2. 

The  laboratory  conditions  and  specimens  to  be  used  in  the  determination 
of  char  and  virgin  material  thermal  properties  should  reproduce  as 
closely  as  possible  the  temperature  level,  char  porosity,  and  char 
density  that  occur  in  actual  ...utor  firings.  Since  the  char  thermal  con¬ 
ductivity  is  very  dependent  on  char  porosity  and  density,  the  effect  of 
coking  in  the  char  by  the  pyrolysis  gas  must  also  be  Included.  However, 
this  program  was  not  a  basic  investigation  of  materials  properties; 
therefore,  properties  available  .rom  the  literature  were  employed- 
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tabu;  c  2 


Material 

Asbestos 

Phenolic 


Silica 

Phenolic 


★ 

Value  to 


VIRGIN  AND  CHAR  THERMAL  CONDUCTIVITIES  OF 
ASBESTOS  AND  SILICA  PHENOLIC 


Investigator 

Remarks 

Temperature 

°F 

Thermal 

(Bcu/in 

Char 

Conductivity 
seccF  x  106) 
Virgin 

Schmidt 

40%  Resin 

200 

1.9 

Ref  C.10 

See  Table  C.3 

700 

3.5 

Aerojet 

40%  Resin 

Ref  C.ll 

Sp  Gr  Virgin*  1.84 

Independent 

15.0 

4.2 

Char  =  0.91 

of  temperature* 

Atlantic 

Sp  Gr  Virgin=  1.58 

70 

4.6 

8.3 

Research 

Char  =  1.26 

1200 

5.4 

Ref  C . 12 

Schwartz 

;  <\oi  t->  ^  •  _ 

to  XVtf  &  in 

70 

6.2 

Ref  C. 13 

See  Table  C.3 

Mixer 

45%  Resin 

100 

5.4 

He i  u.l<! 

400 

4.% 

Vidya 

30?4  Resin 

Independent 

9.6 

4.1 

Ref  C. 5 

See  Table  C.3 

of  temperature* 

Tapco 

Virgin:^  to  plies 

200 

2.9 

5.5 

Ref  C. 18 

See  Table  C.3 

400 

3.4 

6.4 

700 

3.4 

Hitco 

Virgin:  J.  to  plies 

200 

5.1 

Ref  C..13 

500 

5.2 

Atlantic 

507«  Resin 

70 

5.9 

5.4 

Research 

Sp  Gr  Virgin*  1.51 

1200 

6.6 

Ref  C. 12 

Char  *  1.25 

Schwartz 

25%  Resin 

70 

7.2 

Ref  C. 13 

See  Table  C.3 

Super  Temp 

30**  Resin 

70 

5.2 

Sp  Gr  Virgin*  1.70 

be  used  Chat  is 

independent  o1  temperature. 
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The  dens  :  t  ;vs  a:  d  '.petit. c  heats  of  the  virgin  ..ateria  i  and  char  of 
various  ablating  materials  ait  presented  in  Tan  «e  C.'i.  These  proper  tie.-, 
were  also  obtained  from  the  literature. 

The  lack  of  therms 1  -ph>  r.  i  cai  property  data  for  ablating  materials  was 
a  serious  problem  area  in  this  program.  Therefore,  tn  -  results  obtained 
from  the  ah  Lai  ion  portion  of  the  thermal  analysis  shoo  d  be  considered  as 
only  approximate. 

C .  3  GAS  MOMENTUM  .AND  MASS  BALANCE 

To  complete  the  internal  portion  of  the  ablation  model,  relationships 
must  be  formulated,  based  on  mass  and  momentum  considerations,  to  account 
for  the  amount,  location,  and  motion  of  the  pyrolysis  gas.  To  solve 
Equation  C.l,  a  finite  difference  technique  is  reai  ired  which  divides  that 
part  of  the  ablator  undergoing  chemical  reactions  ichar  and  pyrolysis 
zone)  into  incremental  volumes.  The  local  rate  of  pyrolysis  is  determined 
from  Equation  C.2.  The  local  rate  of  pyrolysis  gas  formation  per  unit 
crcss-sectionaL  area  is  then  given  by 

v, 


whe 


re  is  found  from  Equation  C.2  and  is  the  node  volume. 


The  pyrolysis  gas  mass  flow  leaving  the  incremental  volume  is  the  sum 
of  all  the  gas  produced  in  the  upstream  nodes  plus  that  generated  at  the 
node  in  question,  plus  or  minus  the  mass  storage  rate  resulting  from 
permeability,  porosity,  and  free  stream  nresswe  fh 


as 

z 


(c.s; 


If  the  chemical  reactions  that  occur  between  the  pyrolysis  ga »  and  char 
or  the  char  and  reinforcements  involve  a  gas,  the  above  mass  hairnet-  has 
an  added  term  to  account  for  the  gaseous  mass  addition  or  depletion. 
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VIRGIN  AND  CHAR  DENSITIES  AND  SPECIFIC  HEATS 
FOR  VARIOUS  ABLATING  MATERIALS 
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The  momentum  equation  that  could  be  employed  in  the  ablation  analysis  is 
based  upon  a  simplified  theory  of  slow  flow  through  porous  media 


(C.6) 


and  the  permeability  coefficient  empirically  defined  in  terms  of 
porosity  is 


L^  -  e,  +  b  e*p  [cPj] 

p£>-  po^os,44 
P  -  p  rcssur* 

Incorporation  of  the  momentum  equation  in  the  ablation  model  requires 
that  porosity  be  specified  as  a  function  of  the  density  change  of  the 
ablator  and  that  an  equation  of  state  be  used.  However,  in  this  program, 
it  was  found  that  the  inaccuracies  produced  in  the  ablation  analysis  by 
the  use  of  the  approximate  thermophysical  properties  presented  above 
did  not  justify  the  inclusion  of  momentum  considerations  and  the  mass 
storage  term  of  Equation  C.5  in  the  ablation  model.  That  is,  the  effect 
of  momentum  and  mass  storage  of  the  pyrolysis  products  is  important  when 
the  combustion  products  static  pressure  changes  rapidly  (i.e.,  at  startup 
and  shutdown);  whereas,  the  heat  transferred  to  the  pyrolysis  zone  via 
the  char  is  very  dependent  on  the  char  thermal  conductivity. 

C.6  FLAME  FRONT  BOUNDARY  CONDITIONS 

In  general,  chemical  potentials  will  exist  between  the  flame  front  surface 
of  a  rocket  motor  and  its  fluid  environment.  Such  potentials  are  normally 
dissipated  by  chemical  reactions  which  transfer  solid  surface  material 
into  a  more  mobile  fluid  phase.  The  resultant  surface  regression  is 
control  Ted  by  the  rates  of  mass  transport  of  the  reactants  and  products 
to  and  from  the  surface  and/or  by  chemical  kinetic  reaction  limitations. 

It  is  usual  practice  to  regard  surface  sublimation  as  a  special  case  of 
corrosion.  However,  it  is  more  difficult  to  assess  the  heat  and  mass 
transfer  when  chemical  reactions  and  sublimation  occur  together.  That  is, 
both  solid-gas  and  gas-gas  versions  of  the  same  reaction  can  occur,  and 
the  reactions  are  not  confined  to  the  solid  surface.  Unfortunately,  the 
precise  analytical  solution  of  the  general  case  cannot  be  achieved  with 
currently  available  techniques.  However,  a  good  qualitative  understanding 
of  the  important  mechanism  of  corrosion  does  exist. 
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In  the  development  of  a  surface  regression  model,  a  reasonable  approach 
is  to  assume  initially  that  chemical  corrosion  can  be  uncoupled  from  the 
other  mechanisms  of  surface  regression.  Considering  the  present 
limitations  in  detailed  knowledge  of  surface  regression  mechanisms,  no 
other  alternative  is  deemed  possible.  Using  the  corrosion  theories  pre¬ 
sented  by  VidyaC.5  and  RocketdyneC. 19>  the  surface  regression  due  to 
chemical  corrosion  can  be  determined.  The  contribution  of  sublimation 
to  the  surface  regression  of  chars  may  be  assumed  negligible  in  comparison 
with  the  other  surface  regression  mechanisms. 

The  most  practical  and  widely  accepted  solution  to  the  corrosion  problem 
is  the  theory  developed  by  Denison  and  BartlettP«20  and  C.21.  To  obtain 
a  practical  solution  to  the  multicomponent  boundary  layer  heat  and  mass 
transfer  equations  with  chemical  reactions,  Denison  and  Bartlett  made 
the  following  assumptions:  (1)  The  diffusion  coefficients  for  the 
various  molecular  species  in  the  boundary  layer  are  equal,  and  (2)  the 
Pradtl  and  component  Lewis  numbers  are  unity.  This  enabled  them  to 
derive  expressions  for  the  rate  of  heat  transfer  to  the  wall  and  the 
rate  of  chemical  corrosion  of  the  wall  surface.  Then  the  heat  flow  to 
the  surface,  including  transpiration  and  radiation,  is 

+  '"tt  (  S  -  -  '*■'«  (  Hi  '  M  u,)  ±  V«) 

•me  first  term  t eprcuunt a  the  lient  conducted  from  the  surface.  The 
second  represent  r>  both  the  heat  transferee  .  by  convection  and  the  chemical 
energy  ol  recombination  of  free  stream  gases  at  the  wall.  The  third, 
fourth,  and  filth  terms  leprescnt,  respectively,  the  energy  resulting 
from  Lin*  nixing  ->i  (he  pyiolysls  gas  with  the  boundary  layer  gas  and  the 
energies  Involved  in  the  chemical  and  moclinnica  1  removal  of  the  surface. 
The  slxlh  i  o  i  hi  i  n  the  radiation  boundary  condition. 

The  maun  Inx-i  i  hemlcal  coiroslon  can  be  specified  only  if  (1)  chem¬ 

ical  nil  nrnhi  .ui  bv  uncoupled  I rom  mechanical  erosion,  spallation, 
and  ilnmlilng  <d  (2i  elihoi  l  bei  mochem  lea  I  equilibrium  is  assumed  or 
I  lie  chemical  a*  I  ion  tales  are  specified  (klnetically  controlled). 

That  la.  i  he  “*nu*»  loa»  of  aui  face  material  resulting  from  mechonisms 
ollie  i  than  themltal  com  in  I  oii  will  result  In  a  chemical  alteration  of  the 
houndaiy  t.iyvi  by  mat  l  lot  with  those  chemical  species  originating  in 
the  f  rev  Ml  ream  lhal  would  otherwise  react  with  the  wall  material  at  the 
surface.  Inclusi.ni  oi  tlm  mechanical  erosion,  spallation,  and  chunking 
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mass  loss  in  evaluating  chemical  corrosion  is  invalid  since  chemical 
attack  of  this  mass  by  the  combustion  products  is  not  necessarily  a 
surface  or  boundary  layer  phenomenon. 

The  technique  employed  in  applying  the  conduction-ablation  analysis  to 
this  program,  however,  eliminated  the  flame  front  surface  regression 
boundary  condition.  Instead  of  including  surface  regression,  a  design 
surface  temperature  was  selected  for  the  heat  sink  materials.  This  sur¬ 
face  temperature  represented  a  thermal  level  above  which  excessive  surface 
regression  (see  Paragraph  2.6  for  discussion)  would  result.  This  approach 
then  reduces  Equation  C.7  to 
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